MICROBEAM ANALYSIS 
1985 


John T. Armstrong, Editor 


Proceedings of the 20th Annual Conference 
of the 
Microbeam Analysis Society 
Louisville, Kentucky, 5 - 9 August 1985 


fg ys 9, 


Box 6800, San Francisco, CA 94101-6800 


J. T. Armstrong, Ed., Microbeam Analysis—1985 
Copyright © 1985 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


Printed in the U.S.A. 


PUBLISHER'S NOTICE 


Microbeam Analysis Society (MAS) and its publisher, 
San Francisco Press, Inc., are not responsible for the 
information and views presented in this volume by the 
several contributors. 

San Francisco Press, Inc., also publishes the Pro- 
ceedings of the Annual Meeting of the Electron Micro- 
scopy Society of America (EMSA), the proceedings of 
the triennial workshop on Analytical Electron Micro- 
scopy (AEM), and the forthcoming Electron Microscopy 
Safety Handbook. Information on back issues follows. 
MAS and EMSA members prepaying by personal check get 
a 20% discount from the prices listed below. Overseas 
orders must be prepaid. California purchasers please 
add sales tax. 


MICROBEAM ANALYSIS 


1974, 1975, 1976 (spiral bound) $25 
1977 (full-length papers, Boston meeting) $25 
1979, 1980, 1981 $25 
1982 $42. 
1983, 1984 $30 
1985 $40 


EMSA PROCEEDINGS 
1983, 1984, 1985 $45 
ANALYTICAL ELECTRON MICROSCOPY 


1981 $25 
1984 $40 


ISSN 0278-1727 


Table of Contents* 


Page 

Officers of the Microbeam Analysis Society. . 2. 1. 1 6 ee ee ee ee ee ee ee 
Sustaining Members! Information . . . . 6 1 ee ee ee ee ee ee ee eee AX 
1. LIGHT-ELEMENT ANALYSIS 
Bastin, Heijligers, Quantitative electron-probe microanalysis of very light elements. . 1 
2. RAMAN AND IR MICROANALYSIS 
Dodd, DeNoyer, Deconvolution of spectra... Seah hed se. ae YE ee ae oth ae es can par 7 
Barbillat, Dhamelincourt, Delhaye, Da Silva, Roussel, Nondestructive microprobing by 

means of a new generation of instruments for Raman and fluorescence spectroscopy. . . 15 
Grayzel, LeClerq, Adar, Hutt, Diem, An automated micro/macro Raman spectrograph 

system with multichannel and ce a detectors in a new molecular/ 

crystalline microprobe. .... ; Bio dc Cay Fy PG, Ry cere eae a 8 BUG bois tee hg? FED 
Pasteris, Seitz, Wopenka, Conpesiti onal iveupretdtion of synthetic C-O-H fluid 

inclusions by micro-Raman analysis and microthermometry .. . «2 25 
Fisanick, Spatially localized transient spectroscopy as a ee of laser- initiated 

microchemistry in thin films. ... coe e 4 629 
Andersen, Delly, Single crystal polarized Raman spectroscopy ‘of microscopically 

oriented crystalline quartz fragments .... eSeate we 235 
Adar, Noether, Raman microprobe spectra of spin- oviented ond ‘drawn “filaments “of 

polyethylene terephthalate: Conformation, orientation, and crystallization. - 41 
Harvey, Butler, Applications of Raman microprobe spectroscopy in organometallic 

CHEMIE SEEM vag hc ty ae a sdb: Be eae Ba GES lO a ae a oe ae a Soe er Swe ee ts Rat in, Sp, TAD 
Adar, Campbell, Fauchet, Raman microprobe study of changes induced by a pulsed laser. . 53 
Purcell, Heidersbach, The use of the Raman microprobe for failure analysis of oil 

field drill pipe. ... . 57 
Etz, Newbury, Dunn, Grice, ‘Application "oe SynereNeeee microanalysis techniques to the 

study of a possible new mineral-containing light elements ............,.. 60 
Alvarez, Doyle, Deason, Development of a luminescence microprobe. .... ty aoe 65 
Mehicic, Hazle, Barbour, Grasselli, Some a applications of micro IR ‘and. 

micro Raman spectroscopy. .... Beet eS HE ee. es Sy nd SOS 
Doyle, Alvarez, Microluminescence spectra Se. Ti- activated Zr0 iiss “Y sO: eee es OM tele see te AL 
Andersen, Vander Wood, Muggli, Analysis of microzoning in diamond ........... 75 
3. QUANTITATIVE X-RAY MICROANALYSIS 
Heinrich, A simple accurate absorption model. .... . 79 
Love, Scott, Sewell, Evaluation of recent and improved correction procedures “for. EPMA . 82 
Abe, Murata, Cvikevich, Kuptsis, The choice of inner-shell electron ionization cross 

section in quantitative electron beam analysis. . . ocietel te et te ee EBS 
Love, Scott, Analyzing ultra-light elements in the sigeteon microprobe: an ae as Gare? et ae en OS: 
Packwood, Sastri, Brown, Surface quantification in the electron microprobe. ...... 97 
Myklebust, Marinenko, Newbury, Bright, Quantitative calculations for compositional 

mapping techniques in electron-probe microanalysis. ... 2 Sid ee ee eo 
Pouchou, Pichoir, "PAP" $(pz) procedure for improved quantitative tii cvoandly sas e ean ve LOA 
Short, Helmold, The effect of imperfect focusing on x-ray intensities in the electron 

MPCTOPTODESS & yg As? ace se 0 As ay Meta a de ak th Ree she, ee gtd Se ek hs a ee a ee He ITO 
4. BIOLOGICAL MICROANALYSIS 
Ingram, Ingram, Evidence for cell volume regulation in rat skeletal muscle. ..... . 109 
Walsh, Tormey, Electrolyte shifts in the ischemic heart ... ; «et LLS 
Whee ler- Clark, Tormey, Redistribution of subcellular electrolytes accompanying “the. 

increased myocardial contractility produced by low Na... . . 116 
Hagler, Buja, Cryosectioning and x-ray ae aieind oes of cultured: mvORyLOS for studies 

of cell injury. . . ws fa <8 ‘ at. ee we RDG 
Saubermann, Heyman, Material properties of biological tissue: Implications for 

CYYOSCCTIONING «ee. days a A, ea AGAR bra as aes ek 8 te ele ee ak Be So des a eS QE 


*An Author Index appears on pp. 381-382. 


lil 


Page 


Brenna, Bernius, Morrison, A cryostage for ultra-low pe elaine oxygen plasma ashing 


of frozen tissue samples. ... foie Se 12S 
Chandra, Morrison, Chiovetti, Correlative ion and electron microscopy of ‘piologi- 

cal soft tissue embedded in low-temperature resins. ... », (aes 125 
Myers, Warner, A routine procedure for monitoring sample mass auring sqieroanaly sis. 2 29 


5. COMPUTER-ASSISTED MICROANALYSIS 


Russ, Hare, Measurement of edge-intersecting features in SEM images... ‘ o eine LSS 
McMillan, Baughman , Schamber, Experience with apa ag least-squares fitting with 
derivative references ...... een Set wel 4, 1ST 
Stewart, Russ, Russ, A passive SEM- microcomputer " interface for dequisi tion “of 
electron images and X-ray maps... . goa Soe a we mpg ge DAL 
Ono, Nielsen, Tagata, Seo, High-speed adee area analysis by electron “probe. a eee oe ese 4S 
Vale, Computerized analysis of electron channeling patterns .......... +... 148 


6. DIGITAL IMAGE PROCESSING AND IMAGE ANALYSIS 
Steel, Myklebust, Bell, one of an automated aca image hi gad system 


for AEM Say cee ae eo ep ao LS 
Lee, Walker, McCarthy, Maer. sia aang A ink “between. microscopy, image analysis, and 

image processing. .. . - . 153 
Bright, Steel, STEM calibration by “analyses a foun Sepane Perma: tases a optical 

grating replicas. .... ie betes et Zs » . 155 
Marinenko, Myklebust, Bright, Newbury, “Wave length- dispersive “techniques for composi - 

tional mapping in electron-probe microanalysis. . . - « 159 
Bright, Steel, Automated method for analyzing images sontainiae elsétvon- diffraction 

SPOS. te ee es hel oe es Rad Sie a cee ah a ee og? ca SS ce celecel Yad Skeet pe ee Ge eat “ero 16S 
7. MATERIALS ANALYSIS AND FAILURE ANALYSIS 
Friel, Analysis of atmospheric corrosion products on metallic coatings. ........ 167 
Roeder, Notis, Electron microprobe determination of phase equilibria in the 

Cu-As-Sn system... & ys oe AZO 
Follstaedt, Romig, Metastable phase formation ; in NiH implanted Al: Aan analytical 

electron microscope investigation . . oi Gee SETS 
Cieslak, Romig , Headley, Weld metal hot- -cracking of haste1loy alloys c- 22 and 

C-276: A study by analytical electron microscopy. . . wie wr fe) ey LAD 
Hellmann, Sorsenson, Carr, Headley, Surface erystal tization on qeballaced 94% 

alumina ceramics. .. : «i eia: 18S 
Davis, Laskowski, Materials mnniyeas of Pibers lasse eeeintonced plastics by Scanning 

electron microscopy . . ‘ cates r ee ete La 3. 193 
Bohning, Microprobe exami on af fa eager and/oe Sanen contamination in Citaniun 

ALD OY Sis, se cee i a) ee ay get Se a a i Bp eRe CK TE ee We eo Se Ss, Ge a a eh el ee ee OZ 


8. GEOLOGICAL AND ENERGY APPLICATIONS ; 
Calvo, Guilemany, Gé6mez, SEM morphologies revealed by attack of the structure of 


Entredicho ore (Ciudad Real, Spain) ..... 2. 2 2 6 ee ee ew ee we ew ew we we ew wl ee «LGD 
9. ADVANCED IMAGING TECHNIQUES 
Newbury, Compositional mapping of thick specimens .. . Baa fe eo be . 204 
Levi-Setti, Crow, Wang, High-resolution topographic and isotopic aca ateh a AO0keV 

Gat scanning ion microprobe... . ah nee . ste a he ee, ZOD 
Fiori, Leapman, Gorlen, PORES aided “compositonal mapping in scanning electron 

column devices. ... , : Sener ZED 
Hanson, Jones, Gordon, Pounds, ‘Rivers, Schiaiavsie: Mapping oF trace elenents with 

photon microprobes: X-ray fluorescence with focused synchrotron radiation ..... . 227 


10. ENERGY-DISPERSIVE X-RAY ANALYSIS 
Statham, Statistics and wishful thinking in microbeam and image analysis. ...... . 230 


iv 


3 
3 
3 
3 


11. ACCELERATION-BASED MICROSCOPY AND MICROANALYSIS TECHNIQUES 

Benjamin, Rogers, Duffy, Conner, Maggiore, Tesmer, Development and application of the 
Los Alamos nuclear microprobe: Hardware, software, and calibration. . i 

Fine, Stolper, Mendenhall, Livi, Tombrello, _ Mess urement of the carbon eonrent ae 
silicate glasses by use of the 12¢(d,p,) 13 reaction . 


12. SURFACE MICROANALYSIS--AUGER ELECTRON SPECTROSCOPY 

Was, Martin, Grain boundary analysis techniques for ductile nickel-base alloys. 

Church, McGuire, Recent advances in surface analysis using Auger and x-ray photo- 
electron: SPECLTOSCOPY soca Se ee) ea eS ee cee, oe A a a dae 


13. MICROBEAM ANALYSIS TECHNIQUES IN THE STUDY OF LUNAR, METEORITE, AND COSMIC 
DUST SAMPLES 
Albee, Microbeam techniques in the study of lunar rocks : 
Goldstein, Williams, Reuter, Analytical electron microscopy and nieiobeen analysis ef 


metallic phases in extraterrestrial materials .... ia UE Ae 
Grossman, Origins of Ca-, Al-rich inclusions in the Atlende meteorite : 
Brownlee, Electron microbeam analysis of cosmic dust. .... 
Armstrong, Hutcheon, Isotopic ere of extraterrestrial naberiaie With the ion 
microprobe. ..... 


Nagahara, Matrices of choudeires: as the peconds oh nee “solar ‘end. nie Sain system 

Jones, Benjamin, Maggiore, Rogers, Duffy, Hollander, Conner, Proton microprobe analysis 
of maskelynite in the Zagami meteorite. ... ne fiw 2 aan 

Clark, Moore, Lewis, Penwell: Unusual meteoritic meceuiall 6b a ter! eo 

Mackinnon, Rietmeijer, McKay, Zolensky, Microbeam analyses of stratospheric particles 


14. MICROANALYSIS MASS SPECTROMETRY--LASER AND ION MICROPROBES 
Mauney, Quantitative laser microprobe mass spectrometry: Potential and constraints. 
Dennemont, Landry, Mass spectrometric identification of inorganic substances by laser 


microprobe mass analysis. ... 7 
Southon, Harris, Kohler, Mullock, Wallach, ‘quantification and applications ‘of laser- 

probe microanalysis .. . ; . ee es sae ee ad 
Dingle, Griffiths, [Examples of guantrestien in eee ionization mass analyses ee es 
Fletcher, Simons, A comparison of two transient recorders for use with the laser 

microprobe mass analyzer. . . 1. 2. 0 2 2 2 ee ee te we we ee eh ew ee ee eh 


Radicati di Brozolo, Odom, Isotopic measurements with a ap et cero ero ce laser 
ionization mass spectrometer (LIMS) 

Anderson, Heinen, Ramsey, LAMMA/LIMA: A mechod Of Contyel lang the laese neues at ‘the! 
specimen for mild fragmentation of organic molecules. . 
Schmidt, Hagen, Leusmann, Laser jaistae mass eee of carbonate in ‘apatite of 

biological concrements. .. . 4 
Musselman, Linton, Simons, The use of laser microprobe | mass s analysis ton nacre 
speciation in individual particles of micrometer size . . 2... es + ss es we 


15. DETECTORS AND INSTRUMENTATION DEVELOPMENTS 
Joy, Si(Li) detectors, dead layers, and incomplete charge ......+.-. 


16. ANALYTICAL ELECTRON MICROSCOPY--EELS 

Spence, Titchmarsh, Long, Coherent bremsstrahlung--new peaks in EDS: A new unavoidable 
artifact in thin-crystal x-ray microanalysis. 

Statham, Wood, A short study of k-factors for nicvoanaly sis ar ‘ahin ae ‘ 

Klein, Ayer, Williams, Comparison of methods for quantitative thin-film x-ray micro- 
analysis from strongly overlapping peaks. 


APPENDIX. Romig, Humphreys, Goldstein, Notis, Solid-state diffusion as measured by 
microbeam analytical techniques: A comprehensive bibliography . on histo ah Dias «9 


AUTHOR INDEX. . . 2 2 © © © © © © © © © @ @ 


Page 


235 


241 


246 


253 


331 


337 


342 


er srayerererarnes 


y 
3 
ef 
3 
3 
ef 
3 
3 
a 
el 
3 
3 
3 
3 
3 
3 
3 
8 
eI 
3 
3 


Officers of the Microbeam Analysis Society (1985) 


MAS Executive Counetl 


President: Dale E. Newbury, National Bureau of Standards, Gaithersburg, Md. 


Prestdent-Elect: Gordon Cleaver, General Electric Co., Vallecitos Nuclear Center 
Pleasanton, Calif. 


3 


Past President: David D. Joy, Bell Laboratories, Murray Hill, N.J. 
Treasurer: A. D. Romig Jr., Sandia National Laboratories, Albuquerque, N.M. 


Secretary: Charles E. Fiori, National Institutes of Health, 
Bldg. 13, Rm. 3W13, Bethesda, MD 20205 
(301) 496-2599 


Dtrectors 


John T. Armstrong, California Institute of Technology, Pasadena, Calif. 
William F. Chambers, Sandia National Laboratories, Albuquerque, N.M. 
Joseph H. Doyle, Rockwell International, Golden, Colo. 

Ronald R. Warner, Procter and Gamble Co., Cincinnati, Ohio 

Ron Gooley, Los Alamos Scientific Laboratory, Los Alamos, N.M. 


David B. Williams, Lehigh University, Bethlehem, Pa. 
Honorary Members 


L. S. Birks, Naval Research Laboratory, USA 

I. B. Borovskii, Academy of Sciences, USSR 

Raymond Castaing, University of Paris (Orsay), France 

V. E. Cosslett, University of Cambridge, Great Britain 

Peter Duncumb, Tube Investments Research Laboratories, Great Britain 
K. F. J. Heinrich, National Bureau of Standards, USA 


Gunji Shinoda, Osaka University, Japan 


vil 


sua ar une nt nn ppp ppp pe perenne metre 


Sustaining Members’ Information 
AMRAY INC. 


160 Middlesex Turnpike 
Bedord, MA 01730 


Contact: Greg Cameron, (617) 275-1400 


Product Line: Largest manufacturer of scanning electron microscopes and accessories in 
the United States. 


Sales Offices: 
Mark Reynolds, Ohio, (216) 579-0035 
George Bruno, New York, (617) 275-8310 
Don Pollock, New England, (617) 275-8310 
Ken Benoit, New Jersey, (609) 662-3922 
William Wehling, Texas, (214) 247-3542 
Ken Lindberg Jr., North Carolina, (609) 748-1300 
Gerald O'Loughlin, California, (408) 748-1300 
Fred Feuerstein, Wisconsin, (312) 695-6117 


BAUSCH & LOMB INC. 


2930 Baseline Road 
Nepean, Ont., Canada K2H 8T5 


Contact: Bryce Hanna, (613) 830-9437 


Product Line: Scanning electron microscopes and systems for the nondestructive inspection 
and precision critical-dimension measurement of semiconductors. 


Sales Offices: 


Western Region, Box 129, Suniand, CA 91040, (213) 352-6011 
Central Region, 850 E. Arapaho Rd., Richardson, TX 75081, (214) 238-9264 
Eastern Region, 2930 Baseline Rod., Nepean, Ont., Canada K2H 8T5, (613) 820-9437 


CAMBRDIGE INSTRUMENTS INC. 


40 Robert Pitt Drive 
Monsey, NY 10952 


Contact: Peter W. Boutell, (914) 356-3331 


Product Line: Research scanning electron microscopes and accessories, research production 
beam microfabrication system, image analysis. 


Duane Bellingham, Box 637, Williamstown, MA 01267, (413) 458-5232 

Roger Attle, 40 Robert Pitt Drive, Monsey, NY 10952, (914) 356-3331 

Mike Webber, 3945 Fairington Drive, Marietta, GA 30066, (404) 926-9636 

Richard Russell, 3105 Ira Road, Box 2626, Bath, OH 44210, (216) 666-5331 

John Pong, 26011 Falbrook, El Toro, CA 92630, (714) 380-9597 

Barbara Stanton, 2840 San Tomas Expressway, #106, Santa Clara, CA 95051, (408) 970-9292 
Blaise Fleischmann, 6436 Barnaby Street N.W., Washington, DC 20015 (202) 362-4131 

John Wotkyns, 625 Scott Street, #504, San Francisco, CA 94117, (415) 922-8652 

Richard Feller, 415 Kewnilworth Avenue, Glen Ellyn, IL 60137, (312) 858-2332 


CAMECA INSTRUMENTS INC. 


2001 West Main Street 
Stamford, CT 06902-4583 
Contact: Tom Fisher, (203) 348-5252 


Product Line: CAMEBAX-SX series scanning electron probe x-ray microanalyzers. A new 
series of fully automated high technology electron microprobes. IMS-3F high-resolution 
secondary ion microanalyzer (SIMS). 


ix 


Sales Offices: 


East: Tom Fisher, Springfiled, MA, (413) 734-0617 
West: Rob Johnson, San Francisco, CA, (415) 


DAPPLE SYSTEMS 


355 West Olive, Suite 100 
Sunnyvale, CA 94086 


Contact: Bill Stewart, (408) 733-3283 


Product Line: Microcomputer-based analytical instrumentation including image measurement 
and processing systems and energy dispersive x-ray analysis. 


Sales Offices: 
Northeastern Analytical, 17 Sherman Rd., Millis, MA 02054, (617) 376-4132 
International Inst., 34 Pine Cone Ct., Vincentown, NJ 08088, (609) 268-8044 
Tom Baum Analytical Inst., RR #2, Box 226, Kaufman, TX 75142, (214) 452-3116 
The Buhrke Co., 1500 Old Country Rd., Belmont, CA 94002, (415) 592-2904 


EDAX INTERNATIONAL INC. 


Box 135 
Prairie View, IL 60069 


Contact: <A. OQ. Sandborg, (312) 634-0600 


Product Line: Manufactures energy-dispersive x-ray analysis systems for x-ray microanaly- 
sis in SEMs, TEMs, and electron probes; energy-dispersive x-ray fluorescence spectrome- 
ters. System configurations from basic qualitative to fully automated quantitative 
(with computer control and data processing) are available, including an automated WD/ED 
system with stage and spectrometer controls. 


Sales Offices: 

. Balmer, Vermilion, OH, (216) 967-4148 
Martin, New Rochelle, NY, (914) 576-3117 
. Jimenez, San Ramon, CA, (415) 837-2481 

. Wilson, Prairie View, IL, (312) 634-0600 
Gibson, Spring, TX, (713) 350-8654 


imaUuUmed 


EG&G ORTEC 


100 Midland Road 
Oak Ridge, TN 37830 


Contact: Charles A. Thomas, (615) 482-4411, Ext. 131 
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Rockville, MD 20850 


Contact: Christos Hadidiacos, (301) 762-1790 


Product Line: Automation equipment for electron microprobe/microscope, featuring on-line 
data acquisition and reduction with Alpha and ZAF correction schemes. Single-crystal 
automation system for on-line data collection, centering, calculation of orientation 
matrix, and refinement of cell parameters for an x-ray diffractometer. 
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Contact: Frank Brown, (415) 856-2726 


Product Line: Energy-dispersive microanalysis systems for SEM image processing, Auger 
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2820 South Michigan Avenue 
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Sales Offices: 
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Light-element Analysis 


QUANTITATIVE ELECTRON-PROBE MICROANALYSIS OF VERY LIGHT ELEMENTS 
G. F. Bastin and H. J. M. Heijligers 


Quantitative electron-probe microanalysis of very light elements, such as boron, carbon, 
nitrogen, or oxygen, brings with it several problems, mostly of a technical nature but 
also limitations imposed by the physical backgrounds of the technique itself. A major 
problem is the uncertainty about the performance of the existing matrix correction pro- 
cedures, which in turn must be attributed to an almost total lack of reliable measure- 
ments on which such programs can be tested. 

In the past few years considerable efforts have been performed in our laboratory in 
order to collect a large number of reliable measurements on borides, carbides, and 
nitrides. In the case of carbon the results have partially been published?’* or submitted 
for publication; the work on boron has been recently completed; and the measurements on 
nitrogen were started at the beginning of 1985 and are now in full progress. 

It is the objective of the present paper to discuss the various problems that must be 
expected in light-element analysis. Where possible, solutions to these problems are 
provided, and the principles and procedures by which accurate intensity measurements 
should be carried out are discussed. Finally, some results are presented that show that 
accurate quantitative analysis of light elements is indeed possible, provided that proper 
care is exercised in the measurements. 


Problems in Light-element Analysts 


Some of the problems in wavelength-dispersive (WD) analysis of light elements dis- 
cussed below are not necessarily specific for light elements, as they may also be present 
in medium- to heavy-element work. They have a tendency to become more pronounced and to 
become more of a nuisance, due to the rather extreme conditions (e.g., high beam cur- 
rents, low voltages) one is forced to choose in light-element work. 

One of the first problems one has to cope with in light-element analysis is the 
following. 


@ Very high demands have to be made on items such as specimen preparation (surface 
finish, flatness, absence of contaminating agents), correctness of take-off angle, and 
correctness and stability of probe voltage and current. One has to realize that x-ray 
generation and emission for these elements is extremely superficial and that in the 
majority of cases one is almost attempting to perform surface analysis. 


As far as the measurements themselves are concerned, the first and quite obvious 
problem we run into is: 


@® Low count rates and high backgrounds, in conjunction with a relatively inefficient 
detection system. Although count rates for boron and carbon can be called quite fair (on 
elemental standards), the intensities observed for nitrogen are usually desperately low. 
Nitrogen constitutes, so to speak, almost a “black hole" in WD analysis, since it is 
right at the top of the absorption edge of carbon and the emerging x-ray beam must pass 
through a stearate crystal and then through the detector window, both of which contain 
appreciable amounts of carbon. Efforts to increase the count rate by increasing the beam 
current may lead to dead-time problems for the metal lines, if these lines have to be 
measured simultaneously. Resorting to higher orders of reflection can provide a solution. 


@ Next there is a group of problems that are related to the background determination. 
As the peak-to-background ratios for light elements are much lower than in the usual work, 
the correct determination of the background becomes all the more important. 


Interference of higher-order metal lines is a well-known nuisance; notorious examples 
are the metals Cr, Mn, Zr, and Nb in the case of carbon; the elements Ti, Al, and Zr in 
the case of nitrogen; and Zr, Nb, and Mo in the case of boron. In the last case rather 
exotic lines like Mz-lines show up very close to the B Ka peak at very high intensities. 


The authors are at the Laboratory for Physical Chemistry, University of Technology, 
P.O. Box 513, NL-5600 MB Eindhoven, The Netherlands. 
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The normal solution to interference problems is to apply a rather narrow window in the 
pulse height analyzer (PHA). However, that may give rise to serious errors in the inten- 
sity measurements, due to pulse shifts as a result of the large differences in count rates 
(easily up to two orders of magnitude) between (elemental) standards and specimens. 

Figure 1 presents an example of this effect for the B Ko pulse. It is evident that an 
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FIG. 1.--Shape of B Ka pulse recorded at FIG. 2.--Carbon contamination rate on polished 


10 kV on elemental boron for various copper, without anticontamination device, with 
probe currents. JEOL Superprobe 733, cooling finger and with air jet. 10 kV, 
lead-stearate crystal; gas flow counter 100 nA; counter high tension 1700 V; lower 


(Ar + 10% methane): High tension 1700 V; level 0.6 V; window 5.0 V; gain 64 x 5; oil- 
gain 64 x 8, Ortec counting electronics, diffusion pumped vacuum system. 
lower level variable, window 0.2 V. 


increase in count rate by a factor of 3 produces a shift of -0.2 V in the PHA, which can 
become more than a theoretical problem if a narrow window is applied. Practical solutions 
to this problem, such as moving the window along with the shift of performing all measure- 
ments at the same count rate, are not very attractive. However, one should at least be 
aware of this effect. 


Carbon contamination is a really big problem in the detection of light elements. 

This effect is of course particularly bad in the analysis of carbon, but it can seriously 
affect measurements of boron, and certainly nitrogen, as well, and to a certain extent even 
K-lines of heavier elements. We have conducted a detailed investigation into this effect? 
and found that the best anticontamination device is definitely an air jet. Figure 2 illus- 
trates the perfect functioning of this very cheap device in comparison with the use of a 
liquid-nitrogen cooling trap. In general it is advisable to use the best possible focus 
and the highest possible power density in the electron beam in conjunction with the use of 
the air jet. Even then it is advisable to wait 30-60 s before starting an analysis; the 
initial carbon count rate is always higher, due to the presence of superficial carbon 
which has to be burned away first. 

The contamination rate can vary appreciably from element to element; it is lowest on 
B and Si and highest on the transition metals. Probably the thermal conductivity of the 
specimen plays an important role in this respect. Yet despite all efforts it is not 
possible to prevent contamination completely. A small but persistent amount of carbon 
remains and has to be taken into account, especially when low levels of carbon have to be 
detected. 


The effects discussed so far are shown in Fig. 3. A residual carbon peak (at 124 mm) 
is obviously present on Ti, V, and Fe. We also note the presence of the second-order 
O Ka peak (at 132 mm) on these elements, which shows that oxygen contamination also takes 
place. The general conclusion from Fig. 3 is that the background for C Ka is obviously 
composed of three parts: a continuous background that may be rather unpredictable, 
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remnants of higher-order metal lines, and 
residual contamination. Hence, it is no 
longer permissible to measure the background 
on both sides of the peak. A better proce- 
dure is probably to measure the backgrounds 
on the constituent elements at the position 
of the C Ka peak, and to compose them after- 
ward, a procedure similar to the one pro- 
posed by Ruste.3 


® The choice of a suitable standard can 
present another problem. In our opinion the 
use of a complex standard for light-element 
analysis is strongly advisable, mainly 
because the anticipated count rates for stan- 
dard and specimens are closer together, which 
would rule out problems of pulse shifts. 
Therefore, in the case of carbon, we have used 
Fe;C, which can easily be prepared and has a 
fixed composition. For the nitrogen measure- 
ments, now under way, we chose Cr.N. Clearly, 
in this case, an elemental standard is out of 
the question. Unfortunately, for our boron 
measurements we were forced to use elemental 
boron, for reasons that are discussed below. 
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problems, which comprise the choice of a 
suitable matrix correction procedure in con- 
junction with a consistent set of mass absorp- 
tion coefficients (MACs). As far as the 
latter is concerned, it is instructive to 
realize that for the analysis of carbon, for 
example, as a rule of thumb, a 1% change in the MAC for C Ka can produce a 1% change in 
the calculated concentration. Hence, the performance of any correction program can at 
present only be judged in conjunction with the particular set of MACs used. Unfortunately, 
reported values for C Ka radiation may differ up to 50 or 100%. 

Concerning the proper functioning of the available programs themselves, one can only 
say that up to now it could not be tested, simply because of a general lack of reliable 
data over a sufficiently large range of experimental conditions and a sufficiently large 
number of specimens. 


FIG. 3.--Backgrounds recorded in spectral 
region of C Ka peak on various elements; C 
peak is to be expected at 124 mm. 
Experimental conditions as in Fig. 2, 
except beam current 300 nA. 


® So far we have ignored one of the major problems in light-element analysis: How 
should intensities be measured? Normally in WD analysis we tune at the peak in standard 
and specimen and determine the peak intensity ratio, under the tacit assumption that the 
peak intensity is proportional to the integral emitted intensity. Fortunately, that is 
indeed the case for the vast majority of x-ray lines, but not in light-element analysis. 
The excitation of a K-line in a light element means that we are exciting the electrons 
involved in the chemical bond, so that we obtain peak shifts and peak-shape alterations. 
The former effect is not serious, because we can simply retune the spectrometer; but the 
latter effect is very serious indeed, as is demonstrated in Fig. 4, where two extreme 
peak shapes are compared. To facilitate comparison both profiles have been scaled to the 
same peak intensity. It is immediately obvious that, although the peak intensities are 
the same (peak intensity ratio equal to 1), the integral intensity from TiC is approxi- 
mately only half that emitted from glassy carbon (integral or area-intensity ratio equal 
to 0.5). Hence, it would be completely wrong to compare only peak intensities: TiC 
would be strongly overrated. The only correct procedure is obviously to measure the 
intensities in an integral fashion, although this is a rather tedious procedure, espe- 
cially for nonautomated microprobes. 

A considerable reduction in time can be achieved by the introduction of so-called 
area peak factors??? (APFs), which are defined as the ratio between the area (integral) 


k-ratio and the peak k-ratio for a given binary compound with respect to a given standard 
and for a given spectrometer. Once such factors are known, future measurements can be 
simply performed at the peak again and multiplication by the appropriate APF will yield 
the correct integral intensity ratio. For the example in Fig. 4 it will be clear that 
the APF has a value of 0.5 

For many practical purposes the APF can be regarded, apart from a proportionality 
constant, as the ratio between the width and the height of an emission peak, or even as a 
kind of weight factor that has to be assigned to a certain peak intensity. An interesting 
further feature of APFs is that a set measured relative to a certain standard can be 
easily converted into a new set relative to another standard merely by multiplication of 
the appropriate factors. A considerable part of the work on light-element analysis has 
been devoted to the accurate determination of APFs in binary carbides, borides, and (at 
present) nitrides. The results of this part of the work are discussed next. 


Determination of Area/Peak Factors 


The experimental procedures used in the measurements were discussed in Refs. 1 and 2 
for carbon. The procedures for boron and nitrogen are quite similar and will not be dis- 
cussed here. The results for carbon were: 


1. The APFs in the 13 binary carbides investigated were found to be independent of 
the accelerating voltage. 

2. The individual values (relative to Fe;C as a standard) were found to vary between 
v0.7 for strong carbide formers like Ti and Zr, and ~1 for B,C, WC, and W,C. If glassy 
carbon had been used as a standard these values would have to be multiplied by 0.7. A 
plot of APFs vs atomic number of the metal partner showed a conspicuous sawtooth-like 
appearance, which was synchronous with the beginning and ending of the periods in the 
periodic system. The immediate consequences of these measurements are that errors of 
30-50% (depending on the type of standard) are made if peak shape alterations are ignored. 
Another consequence would be that one could never hope to get consistent results in certain 
sequences of carbides, like Ti-, V-, or Cr-carbides, or Zr-, Nb-, or Mo-carbides, if the 
variations in APFs are not taken into account. 

After the work on carbon was completed we hoped that the experience gained so far would 
permit the work on boron to be accomplished in a fraction of the time, even though we had 
prepared 28 binary borides. However, a completely new problem arose in addition to those 
encountered previously. 
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FIG. 4,--Comparison of shapes of C Ka peak FIG. 5.--Variations that can be observed in 
emitted by TiC and glassy carbon. Both pro- shape of B Ka peak emitted by various TiB crys- 
files have been <caled to same peak intensity. tals, or upon rotation of same crystal in plane 
Experimental conditions as in Fig. 3. 1 to electron beam. Exp. conditions same as in 
Fig. 3, except gain 64 x 8 and window 3.5 V. 
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Our first experiments in this connection were made in needle-shaped TiB crystals 
(orthorhombic crystal structure) grown in a Ti-rich matrix. Since we were used to APF 
measurements on carbon, which usually showed a reproducibility of better than 2%, we were 
completely puzzled at first by the very large variation (up to 30%) in these factors for 
B Ko with respect to elemental boron. 

The key was that the variation in APF was synchronous with the variation in observed 
peak position. The lowest APF value (highest peak intensity and narrowest peak) was always 
found at the lowest peak position (shortest wavelength), and the highest APF was found at 
the highest peak position. Figure 5 gives two examples of extremes found in the peak 
shapes of B Ka emitted by different TiB crystals. Apparently each individual TiB crystal 
can yield its own specific B Ka peak, both in shape as well in peak position. 

Further investigation revealed that each individual crystal could be made to emit peak 
shapes between the two extremes when the specimen was merely rotated in a plane perpen- 
dicular to the electron beam. It is evidently not so much the position of the specimen 
with respect to the electron beam that matters, but the position of the specimen with 
respect to the analyzing crystal. In extreme cases a rotation of 90° was enough to shift 
the maximum in the B Koa peak almost over 1 mm, from the maximum to the minimum position; 
further rotation of 90° brought it back to the original position, and so on. The situation 
is as when a noncubic specimen is used under an optical microscope with crossed Nicol's 
prisms; a literature research revealed that the effects observed were indeed due to 
polarization effects in the emitted x radiation. The phenomenon itself has been known 
since 1969* and is explained by the presence of polarized components in the emitted x 
radiation. It can be expected? in all compounds with a symmetry lower than cubic and 
higher than triclinic. Polarization takes place in two mutually perpendicular planes, 
which are aligned along the principal crystallographic directions of the crystal lattice. 
Unfortunately, for quantitative analysis, the analyzing crystal can assume the function of 
a polarization filter and its action as such is optimal when the angle of incidence of the 
x rays on the crystal is 45°. As it happens this angle for B Ka radiation in our spec- 
trometer (JEOL 733, lead-stearate crystal) is 42.5° which explains a great deal of the 
exciting and interesting phenomena observed. 

The most pronounced effects found so far have been in ZrB, (hexagonal), with almost 40% 
variation in APF and shifts of \l mm. As might be expected, the few cubic borides (such as 
LaBg) did not show this effect and could thus be used as complex standards. Unfortunately, 
due to the low MAC of B Ka in these compounds, the emitted intensity is 30-50% of that from 
pure boron. Boron itself does not show these polarization effects although its structure 
(rhombohedral) -would allow it, SO we were ultimately forced to use this as a standard. 

An immediate implication of the polarization phenomena is that anyone who is unaware of 
these effects could make large errors even on measurements performed with the same compound 
as a standard and with the spectrometer retuned for each individual measurement. One could 
easily come to the conclusion that the boron content of TiB,, for example, showed varia- 
tions of 25%, whereas it actually has a very limited homogeneity range. 

For quantitative analysis these effects are of course a great nuisance because one is 
forced either to measure all intensities in an integral fashion or to determine first the 
variation of APF with peak position for each noncubic binary. We have done the latter for 
all 28 borides and the general results are that the area (integral) intensities showed a 
small variation of +2-3% relative to the average values. Obviously, there is also a small 
effect of crystallographic orientation. However, reasonably accurate intensity measure- 
ments are indeed possible for a light element such as boron, although the fundamental 
uncertainty in k-ratio is +2-3% to start with. The rest of the error in the final concen- 
tration is doubtless due to the matrix correction program. 

As we have done before for the carbon analyses, large series of peak-intensity measure- 
ments were performed, for most of the compounds between 4 and 15 kV, and for some low- 
absorbing systems up to 30 kV. Afterward all peak intensity ratios were multiplied by the 
APF's appropriate to the peak positions observed, in order to obtain the correct integral 
intensity ratios. A total of 180 boron measurements were thus collected, in addition to 
the already available set of 117 carbon measurements. 

The measurements on nitrogen have been only recently started. A big problem has been 
the preparation of homogeneous and massive nitride specimens suitable for electron-probe 
microanalysis. In fact, it took us the best part of a year to prepare 18 nitrides spread 
over 12 systems and to have them chemically analyzed for nitrogen as well as oxygen. The 
measurements on these specimens are now in progress and the preliminary results indicate 


that peak shape alterations are much less pronounced than for boron and carbon; presumably 
the APFs are within 10% from unity. However, new practical problems show up here: very 
low N Ka intensities are observed and the background can present some problems because of 
a slight curvature and the presence of persistent interferences. 

Ultimately we hope to collect 162 intensity ratios relative to Cr,N over the range 
4-30 kV. Afterward we hope to proceed to oxgygen as well. 


Final Results Obtained so Far 


Once a reliable set of measurements is available one can take the last step in the 
procedure: the conversion of measured integral k-ratios into concentration units. 

On previous occasions we have shown’’* that unexpectedly good results can be obtained 
for the analysis of carbon. The application of our own correction program,°?’ in conjunc- 
tion with our own consistent set of mass absorption coefficients, led to a relative root- 
mean-square value (calculated over nominal concentration) of 3.7%. This result is all the 
more remarkable if one considers that the data file was obtained for the very wide range 
of 4-30 kV. Even better results might be expected if this range were restricted to 8-15 
kV (somewhat more realistic values in which to measure carbon). 

As was to be expected the preliminary results for boron (using Henke's® MACs) were 
considerably less satisfactory, partly perhaps because we were forced to use B as a 
standard. Hence, the amount of correction necessary is correspondingly larger than for a 
complex standard. We must also realize that the wavelength of B Ka (67.6 A) is v1.5 times 
that of C Ka (44.7 A), and that the overvoltage ratio U, (accelerating voltage/critical 
excitation voltage) for B Ka at 30 kV amounts to 160, compared to 100 for C Ka. More- 
over, we obtained the equations being used at present in our $(pz) program through optimi- 
zation’ using an old data file. The measurements in this file were limited to elements 
heavier than Al and accelerating voltages of 10-40 kV; hence, Uy varied between 1 and 22 
at the most. Since Up (raised to some power) is present in most equations in the ¢$(pz) 
approach, one can understand that the present set of equations is probably no longer ade- 
quate to cope with such extreme conditions as in the analysis of boron. The newly col- 
lected set of 180 boron measurements will be doubtless extremely valuable in the necessary 
critical reexamination of the present equations, perhaps precisely because the conditions 
are so extreme. 

As long as the intensity measurements can be carried out with an accuracy of, say, 
45%, there is no fundamental reason to expect nor to accept a much poorer figure in the 
calculated concentrations. This last is obviously a problem of further improving the 
existing matrix correction procedure(s) and as such it is a matter of time, dedication, 
and effort. 
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2 
DECONVOLUTION OF SPECTRA Raman and IR microanalysis 


J. G. Dodd and L. K. DeNoyer 


Experimentally determined spectra are often limited in resolution by the resolving power 
of the spectrometer. It may be infeasible, or even impossible (as in the case of x-ray 
spectra obtained by energy-dispersive detectors), to “close down the slits" to improve 
resolution. Using both Van Cittert-Jansson and maximum entropy methods in the spectral 
domain, we show that in many such cases the transfer function of the instrument may be 
removed, with resolution enhancements of two to four. 

The maximum entropy algorithm provides the most probable arrangement of photons in 
object space, and is cognizant of the noise present in the data. The Van Cittert algo- 
rithm gives more spectacular resolution, but has difficulty with high spatial frequency 
noise. We show applications of both algorithms to real (noisy) data. Implementations of 
these algorithms for small desk-top computers run in reasonable times (5-15 min) for 
spectra of a few hundred data points. 


Spectroscopy 


Spectroscopy is the study of structure in the response function of a system. A system 
may respond to either external or internal (spontaneous) perturbations. The response 
function may be measured in energy, frequency, wavelength, or any domain in which a 
response function can be defined and measured. In no case is the response function of a 
real system a delta function. The uncertainty principle forbids this outcome and always 


requires some irreducible "line width,'' and hence some kind of "line shape." This charac- 
teristic width obeys the inequality 
WX h/T (1) 


where T is the characteristic response time of the system. In most cases, of course, the 
line width is dominated not by the uncertainty principle but by other effects, which arise 
because one usually does not observe an isolated system (atom, molecule) but an ensemble 
of systems that are either not all quite identical--such as a Doppler-broadened gas in 
which molecules have slightly different energies in the observer's frame, or/and interact 
with (perturb) one another, as in the case of a solid or liquid. 

In any case, sources never speak ex cathedra, but through some instrument that has its 
own response function. What is delivered to the observer is the convolution of the 
instrument's response function with that of the process from which the signal originates. 
This convolution, or "folding" operation carried out on a process response R(E), by an 
instrument with a response S(E), produces the observed "signal" 

I(E) = RCE')S(E - E') dE = R(E)*S(E) (2) 
where the range of the variable E' is that of E and * is the convolution operator. 

Unless S(E - E') is a delta function, the observed spectrum I(E) is never the same as 
the process response function R(E). 

But the goal of spectroscopy is to find R(E); that is, to characterize the process, 
not the instrument. It would be very helpful if one could undo the convolution of Eq. (2), 
deducing what R(E) must be if I(E) is observed. The extraction of R(E) from I(E) is 


called deconvolutton. 
But why bother? Why not just close down the slits? 


The Cost of Resolution 


If we critically sample a spectrum at a given resolution, taking N data points in 
time [T, then what is the cost in time of working at one-fourth the original slit width? 
First, the flux falling on the detector is reduced by a factor of 16. If the system 


The authors are at Colgate University, Hamilton, N.Y. They wish to acknowledge the 
support and encouragement of McCrone Associates during this undertaking; they are espe- 
cially grateful to Mark Andersen who provided the Raman spectra for deconvolution. 
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is detector noise limited, then to achieve the same signal/noise ratio requires 256 times 
to scan time. But in addition, four times as many points must be sampled to meet the 
condition of critical sampling, and so the time penalty is a factor of 1024! 

In other cases, such as x-ray spectra taken with energy-dispersive detectors, the 
detector response function is "built into' the instrument. There is no handy knob that 
will improve it even if one is willing to pay the time cost. Then there is really no 
alternative; one either deconvolves or puts up with poorly resolved spectra. 


Deconvolutton 
Formally, deconvolution is quite simple. The Fourier transform of I(E) is 
I'(t) = R'(t)S'(t) (3) 


where t is the independent variable conjugate to E and primes indicate that the function 
is in Fourier space. If S'(t) is known, then 


R'(t) = I'(t)/S'(t) (4) 


and the inverse Fourier transform of Eq. (4) yields R(E), the desired source function. 

This simple process hardly ever works. By its nature, S'(t) must be small over some of 
the range of t, else S(E) would be nearly a delta function, and I(E) = R(E). But where 
S'(t) is small, the presence of noise causes large fluctuations in the calculated values 
of R'(t); that is, the result is very noisy. Direct inversion is therefore seldom useful, 
since noise is always present and the wings of S'(t)} are always small.+ 

Noise is always present in I(E) also, often high-frequency noise that has been added 
by the electronics. A common solution to this problem is "smoothing," or application of a 
filter that attenuates everything in the signal and line shape spectra lying above some 
arbitrary cutoff frequency. This process at least gets rid of frequencies that cannot 
possibly have passed through the instrument, and so are certainly noise; but of course such 
a crude process also removes any signal information in that part of frequency space. How- 
ever, it may be at least possible then to do a direct inversion. If the loss of higher 
signal frequencies due to the filter is too severe, however, the restoration algorithm 
converges to a source function not very different from the observed spectrum. Then other 
means should be employed. 

It is the entire thrust of deconvolution algorithm research to find some way to dis- 
criminate signals from noise through the use of suitably chosen equations of constraint. 


The Use of A Prtort Knowledge 


We may know more about a spectrum than is explicit in the data. For example, if the 
spectrum is a set of intensities, we know it cannot be negative anywhere. If it is an 
absorption spectrum, it normally has an upper bound of 1. We also may know that the spec- 
trum is band limited; that is, everything that comes from the source must pass through a 
measuring instrument with a transfer function S(E), and so there should be no features in 
the observed spectrum I(E) "sharper" than S(E). If there are, then these features are 
post-instrument noise. 

Other constraints may apply in special cases. In mass spectroscopy where the purpose 
is quantitative analysis, we often know what elements may be present. Their positions are 
determined by a prtort knowledge, and the only question is their relative amplitudes. 

Each such constraint is a potential discriminant against noise. 

The deconvolution process may be thus thought of as the solution of Eq. (2) for an 
R(E) that satisfies both Eq. (2) and a set of a priori constraints. It is the presence of 
these constraints which makes the problem soluble, or else noise would dominate and 
Eq. (2) would have no solution. 


The Van Cittert-Jansson Algortthm 
In 1931 Van Cittert showed that the iterative algorithm 
RM+l = RM 4 e(T - RMS) (5) 


where e is a dimensionless constant less than 1, converges, in the absence of noise and 
for e not too large, toR(E') if S is sufficiently well behaved.* For sufficiently small 
e, Eq. (5) may be written 


ab 
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dR = (I - R*S)de (6) 


where * denotes the convolution operator. 
Fourier transformation of Eq. (6) yields 


dR' = (It - R'S')de (7) 
which may be integrated to obtain 
I' - R'S' = I'(1 - S')exp(-eS') (8) 


showing that with suitable restrictions on S' the right side goes exponentially to zero 
with e, and so on the left R' does converge to I'/S', just as Van Cittert said. But the 
restrictions on S' are severe: where it is small convergence it is slow, and where it 
goes negative, the algorithm diverges. This result shows that Van Cittert's algorithm 
may be no better than direct inversion. It is at best equivalent to it, failing just 
where direct inversion fails. That is true if no further constraints due to a prtort 
knowledge are invoked. But the Van Cittert algorithm accepts many such constraints rather 
gracefully, which is not true of direct inversion. 

If the spectrum is known to be non-negative, then during the iteration of Eq. (5), the 
current approximation to R may be tested at every point for a negative value, and if one 
is found then R may be set to zero at that point. And since one of the diseases of any 
kind of inversion is that noise tends to be amplified into "peaks" during division by 
small values of S', we may replace the constant k by a function k(R) such as kR, which 
encourages large peaks to grow larger but tends to suppress small fluctuations in the 
"orass'" of the baseline. 

The weighting function 


k(R) = R(1 - R) (3) 


is often used for absorption spectra, since it limits growth of a peak to about unity 
height, and tends to drive small fluctuations toward zero. Such nonlinear weighting func- 
tions are the Jansson contribution to the Van Cittert algorithm.® > 

However, it is clear from this kind of language that we have left even Van Cittert's 
modest rigor far behind. With such weighting functions, it is no longer possible to pre- 
dict what will happen in the presence or absence of noise; to prove that the algorithm 
will or won't converge; or if it does converge, what it will converge to. We have left the 
realm of science and have entered the domain of mysticism, or at least of art. 

But it works. Blass and Halsey have experimented extensively with this algorithm on 
IR spectra with excellent results.° Improvements in resolution of factors of two to three 
are routinely obtained on experimental data, with conservation of area under the peak 
within 15%, and excellent peak position stability. The limit of resolution enhancement 
seems to be determined only by the amount of noise present in the data. 

We have made modest resolution improvements in the Van Cittert method by using a care- 
fully chosen starting spectrum for iteration (the usual choice is simply the observed 
spectrum). An example is shown in Fig. 1. Here, a Raman spectrum of multiplet structure 
in a CCI, symmetric stretch band, recorded at a resolution of 4 wavenumbers (solid line), 
is deconvolved (coarse dotted line), and compared to the same spectrum recorded at a 
resolution of 1 wavenumber. 


Is It Real? 


When one sees detail in a spectrum "grow out of" an unpromising undulating low-resolu- 
tion recording as in Fig. 1, the professional instinct is to be’ suspicious. No one can 
describe in mathematical detail just how these various nonlinear implementations of Van 
Cittert's algorithm work, so how do we know they do? 

In fact, convergence is probably not unique, but in the best case only to a member of | 
a large set located within a small radius in solution space. In other words, starting 
from a different initial set of conditions it seems possible to converge to different 
"source spectra’! which however usually seem quite similar except in degree of resolution. 

On the other hand things can go wrong, too, especially if the prefiltering step is not 
carried out properly, as the restoration of a similar Raman spectrum shows in Fig. 2. The 
presence of splitting where there should be none, and even completely fictitious peaks, 
warns us that a stable restoration to a unique end point should not be asusmed. A more 
careful treatment of the same spectrum is shown in Fig. 3. Clearly, interaction of the 
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FIG. 1.--Raman spectrum of 
multiplet structure in CCL, 
symmetric stretch band. 
Solid line is original spec- 
trum recorded at resolution 
of 4 cm +, coarse dotted 
line is deconvolved spectrum. 
Fine dotted line is same 
spectrum recorded at 1.0 
em™*. 


FIG. 2.--Raman spectrum of 


CCL,. Solid line recorded 
at 1 cm +, dotted line is 


Bh ee 


alg: be : ee eae improperly deconvolved 
spectrum. 


ont 
experimenter can guide the algorithm to a successful result. 

This process is not as alarming as it sounds. 

Suppose we review the much-beloved least-square fit. Given four assortments of points 
as in Fig. 4, we may decide that we should draw a straight line through each. Never mind 
why; one might justify some other function as easily on the basis of some a prtori infor- 
mation. That is, we think we know the Zine shape, and we now want to deconvolve the data. 
The result of the familiar calculation will be four straight lines with the same slopes, 
intercepts, t statistics, sums of squares, regression sums of squares, residual sume of 
squares, and correlation coeffictents!’ 

Still, we all use the least-square fit with the knowledge that it does something 
definite and understandable and objective to the data. It may have its problems, but we 
are used to them and can bring care and even skepticism to its use. We must be willing to 
bring a similar care and skepticism to the use of the less familiar deconvolution 
algorithms. 
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PIG. 3.--Raman spectrum of 
CCLy. Solid line recorded 
at 1 cm?, dotted line is 
properly deconvoluted 


spectrum. 
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FIG. 4.--Four different data 
sets having identical linear 
least-squares fit. (From 

F, J. Anscombe, "Graphs in 
statistical analysis," 
Amertcan Statisttetan 27: 
17-21, 1973.) 


Maximum kntropy Deconvolutton 


It would be better to be able to work from secure general principles than to cobble 
up algorithms and then wonder why they do or do not work. Such a secure general principle 
forms the basis of maximum-entropy methods of data processing. 

Think of each photon as a Maxwell-Boltzmann (distinguishable) particle. A particular 
spectrum in object space, represented as a string of boxes j each containing a certain 
number of photons o., can be generated in many different ways simply by exchange of 
photons between pairs of boxes. The number of ways W that can be done is 


W(o ,..-04) = O!/(0,0,...0;), (10) 
where the o are the photon numbers in each box and O is the total number of object ele- 
ments. Using Stirling's approximation for the factorials we obtain 


ll 


W in(W) = 0; In(oj) (11) 


(Ois large, and repeated indices are summed.) 

We might have made this argument, and do, for atoms in energy states in a gas in equi- 
librium. The expression is the same in either case, and in either case W In(W) is called 
the entropy of the system. 

Of course, we do not observe object space, but image space. The image is the object 
convolved with an instrument transfer function, and so may be written 

In = 055m; + Ny (12) 
We always sum over repeated indices. 

Note the inclusion of noise (the termn,) in the image. We may as well have it; it is 
always there! We may assign an entropy to it as well; the expression looks just like 
Eq. (10) except that n and N replace o and 0. 

We now wish to find the most probable source distribution and the most probably noise 
distribution, subject to some set of constraints. These constraints (we will assume) are: 


1. The distribution must yield the above image points, within the uncertainty of the 
noise. 

2. The intensity must everywhere be positive (no negative occupancies of any state). 

3. The total number of photons is conserved (in statistical mechanics this means that 
the chemical potential is different from zero). 


Since noise and signal are assumed to be independent in this model, the entropy of the 
system is the sum of the entropies of noise and signal. We therefore construct this total 
entropy, and add the constraint functions using Lagrangian multipliers, and then--exactly 
as we would in the statistical mechanics of gases--maximize this entropy to find the 
characteristic equations of the state that can be achieved in the maximum number of dif- 
ferent ways. We assume that the object function of this state is the best estimate of the 
process spectrum. 

The characteristic equations then turn out to be: 


0; = exp[-l - u - KnSyy 5] (13) 

Ny, = exp[-1 - kp/r] (14) 

ly = 0,8 + Ne - B (15) 

Py = SUM, (Oj) = SUM, (In) (16) 
where 


In are the measured data points (the observed image) 
Oj are the estimated source object points 

Ny are the estimated noise fluctuations 

Po is the total signal power 

Spj is the point spread function (line shape) 

r is the target signal/noise ratio 

B is the estimated peak negative noise fluctuation 
u,k are the Lagrange multipliers 


and summation over repated indices is assumed.°® 

The solution of this system of equations for the object function is not easy or fast. 
On the other hand, the deconvolutions obtained by maximum entropy methods are far more 
robust (immune to noise) than those obtained by the Van Cittert family of algorithms, 
being useful for image spectra contaminated by as much as 40% noise. Further, MEM solu- 
tions are unique. And finally, we really do know what the computation does. There is a 
general principle. 

It is instructive to examine the estimated object function a little more closely. 
Eliminate u from the object function expression, using the constraint equation of total 
power. This operation yields 


Oj = Polexp(kySjj)]Pf (17) 
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where Pf signifies the usual partition function expression for a Maxwell-Boltzmann 
distribution, 


Pf = exp(kjSjj) (18) 


The estimated object point 0; is proportional to the normalized probability of finding the 
system in the state described by Eq. (17). 

The image, in turn, is simply the convolution of the transfer function with the esti- 
mated object function, with some added noise. 

Does it work? 

Figure 5 shows an MEM deconvolution, and Fig. 6 a modified Van Cittert restoration of 
the same Raman spectrum. The MEM result shows less enhancement. Why? 

The two algorithms approach the data differently. 

A Van Cittert algorithm treats the data not as a sample of a process, but as the pro- 
cess itself. Since it does not search object space for more than one solution, it does 
not necessarily find the most probable solution. Furthermore, the smoothing of the data, 
which is essential to avoid nonphysical spectra in the Van Cittert case, actually modifies 
the data and hence changes the process treated by the algorithm in a way that is outside 
the algorithm, and in fact is arbitrary--up to the experimenter. In this way the experi- 
menter adds a priori knowledge to the data treatment, and so guides the algorithm to a 
particular solution in object space. 

On the other hand, MEM methods do not require pre-smoothing of the data because the 
noise, as well as the signal, can be estimated by the algorithm. The MEM algorithms, treat 
the data as a sample of the process, and return the data set most nearly representative of 
the process, given the presence of the noise. It is really a more conservative, and 
certainly a more defensible approach. 

The computational cost of MEM can be considerable. The nonlinearity of the equations 
requires iterative methods. Convergence is slow and not always successful. We have 
employed a fixed-point method of iteration, which turns out to be quite efficient. When it 
converges (which depends upon how well one guesses the parameter B), it does so in a dozen 
iterations; when it does not (if B is chosen too small), one knows almost at once. The 
smallest value of B that permits satisfactory convergence is then a measure of the peak 
noise fluctuations of the estimated image. 


Use Which? 


The practicing spectroscopist who 
usually knows approximately what he 
should see is often happier with the 
Van Cittert approach because he can: 
tinker with it until he likes the 
picture. That sounds cynical, but 
it is merely the application of 
implicit a priori knowledge. It is 
perfectly proper if the knowledge 
is correct. 

Nevertheless, MEM can be defended 
in the same way as the least-squares 
fit: it is an objective estimate of 
the process, given a typical sample, 
and a set of explicitly imposed 
constraints. 

The difference between the two 
algorithms is not merely in degree 
of enhancement. MEM tends to 
restore large peaks more fully than 
small peaks, in that large peaks 
appear sharper than small peaks after 
deconvolution. The Van Cittert algo- 
rithm tends to produce the same peak 
shape for any peak height. This 


intensity 


FIG. 5.--Raman spectrum of CCL,. Solid line 
recorded at 3 cm ?, coarse dgited line is MEM 
deconvolution. Fine dotted line is same spectrum 


recorded at 1 cm™? 
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FIG. 6.--Raman spectrum of CCLy. 
Solid line recorded at 3 cm™?, 
coarse dotted line is Van Cittert 
deconvolution. Fine dotted line is 
same spectrum recorded at 1 cm + 


difference is not incidental, but reflects again a fundamental difference between the way 
the two algorithms view the data. The Van Cittert algorithm does, if given the chance, 
turn every upward fluctuation into a peak of some kind. MEM, on the other hand, does not 
allow a peak to sharpen beyond the ability of the data to define it in the presence of the 
noise. 


Hardware Requtrements 


We have programmed both algorithms in FORTRAN 77 .and have tested them using the IBM PC 
with 8087 support, a 68000 coprocesser (HSC, 6 MHz) which uses a CPM 8-bit machine as 
host, and a VAX780. 

These algorithms are subroutines in a comprehensive spectral data manipulation 
program. Running times on the VAX for data arrays of 256 points are under 1 min, on the 
68000 about five or six VAX times, and on the IBM PC about eight to ten VAX times. The 
‘ program may be run on 8-bit machines or on the PC without the 8087, but of course it is 
quite slow, typically 40 VAX times for either. 


Cone lustons 


The Van Cittert and maximum-entropy deconvolution algorithms have been discussed and 
examples given of their use on Raman spectral data. Resolution enhancement of factors of 
2-4 have been obtained with good agreement with spectra taken at the higher resolution. 
Hardware requirements and typical running times were reported. 
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NONDESTRUCTIVE MICROPROBING BY MEANS OF A NEW GENERATION OF INSTRUMENTS FOR RAMAN AND 
FLUORESCENCE SPECTROSCOPY 


Jacques Barbillat, Paul Dhamelincourt, Michel Delhaye, Edouard da Silva, and Bernard 
Roussel 


In the past the major limitation on the use of a Raman microprobe with a scanning mono- 
chromator and a single photomultiplier has been that the measurement times are generally 
too long for fragile materials. The high radiation over a long exposure time in the small 
sample volume may cause significant microprobe degradation. Extensive research has been 
performed into procedures that would allow increased sensitivity and higher signal-to-noise 
ratios while decreasing the power of the laser at the sample so as to preserve the non- 
destructive nature of Raman microanalysis. Since 1980 CNRS in collaboration with French 
industry (DILOR) has made a special effort to develop a multichannel Raman micro- 
analyzer.*~°> That research resulted in a new commercial instrument, the DILOR Microdil 28, 
which takes full advantage of recent microchannel plate (MCP) intensifier tube and photo- 
diode array technology. 

The multichannel technique based on a MCP intensifier tube and a diode array allows the 
simultaneous recording of a large number of elements with a sensitivity per channel compar- 
able to that of a photomultiplier tube. The advantage to this increase in sensitivity is 
two-fold. First, very weak signals can be observed over long integration times followed by 
computer analysis of the data. Second, sample degradation can be avoided when a laser beam 
with lower power and shorter exposure times is used. 

This paper begins with a description of the Microdil 28. Some examples are then shown 
that illustrate its capabilities for the analysis of microsamples which are subject to 
degradation through prolongated exposure to the laser beam. 

In principle, the extension of multichannel micro-Raman techniques to the domain of 
microfluorescence spectroscopy is feasible by means of minor modifications of the micro- 
probe system: both broader spectral field and a lower resolution are required for micro- 
fluorescence spectroscopy. After a preliminary study of fluorescence instrumentation the 
development of a new laser microfluroimeter was undertaken in a new cooperative group 
(G.I1.P. instrumentation and spectroscopy) which has been formed by CNRS, university 
laboratories, and the DILOR company. 

Some of the features of this instrument with reference to biological applications are 
outlined below. 


Micro-Raman Analyzer: Mterodil 28 


Each component has been carefully designed to integrate with the multichannel detector 
and the result is a high-quality, reliable, and easy-to-use instrument specially designed 
for Raman microanalysis. The Microdil 28 uses an Olympus optical microscope as the sample 
carrier and the same microscope objective is used for laser illumination and scattered 
light collection (Fig. 1). A special optical device (optical scanner) is placed between 
the microscope and the spectrometer so that one may analyze any point in the field of the 
microscope with a spatial resolution better than 1 um without moving the sample. Since 
the exploration is performed in the back image space of the microscope, one benefits from 
the magnification of the objective. Thus a variety of cumbersome samples (cooling or 
heating stage, pieces of art, or industrial materials) can be analyzed with high accuracy 
over a wide field. . 

The spectrometer consists of a double foremonochromator (with subtractive or additive 
dispersion) followed by a stigmatic spectrograph of a conventional design with a plane 
grating and large aperture objectives. Two gratings (600 g/mm and 1800 g/mm) mounted back 
to back in a turret provide various dispersions in the focal plane of the spectrograph. 

A specially built multichannel detector head (MCP intensifier tube coupled to a 512 
photodiode array) cooled at -20 C by a Peltier element is used to detect Raman spectra. 


Authors Barbillat, Dhamelincourt, and Delhaye are at the CNRS Laboratoire de Spectro- 
chimie Infrarouge et Raman, Université de Lille, F-59655 Villeneuve d'Ascq, France; 
authors Da Silva and Roussel are with DILOR, 244 rue des Bois Blancs, F-59000 Lille, France. 
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FIG. 1.--Optical schematic of Microdil 28. 


FIG, 2.--Raman spectrum of sphero- 
crystal inside insect fat body. 
Measurement parameters: exciting wave- 
length, 514.5 nm; laser power (at 
sample), 250 uW; spectral resolution, 


7 cm*; integration time, 20 s; 


number of scans, 20. 
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The signal from the diode array is sampled, multiplexed, and then sent to a fast 12-bit 
A/D converter (data available during 5 us every 9 us). Typically a single cycle of data 
acquisition consists of a signal integration period (from 120 ms to 60 s) with a signal 
readout, followed by a period to integrate and read a dark-current offset on the detector. 
There are two different methods for the actual processing of the data from the A/D 
converter. 


1. Data may be stored directly into the memory of a fast computer with direct memory 
access. 

2. For each acquisition cycle, data may be stored in two different memories (one for 
signal sweep, the other for dark sweep). Then an arithmetic unit performs the subtraction 
of the dark sweep from the signal sweep to eliminate the dark current and the fixed 
pattern signal. Subtracted data are then compatible with currently available micro- 
computers. 


The actual data system includes: (1) an Apple II computer system with 64K, with inter- 
faces for multichannel and photon counting detection systems, a dual disk drive, a video 
monitor, and a plotter; and (2) the software package, which consists of acquisition mode 
selection (visualization, single/multichannel, signal averaging) and data treatment 
(smoothing, integration, base line correction, normalization). In this instrumental con- 
figuration the spectrometer may be used in different ways, depending mainly on the nature 
of the sample. 


® For samples with Raman lines at a sufficient distance from the exciting line, the 
scattered light can be directly focused onto the entrance slit of the spectrograph through 
a colored filter that cuts off the exciting line. As a result one benefits from the high 
luminosity of the spectrograph and the low dispersion of the 600g/mm grating to observe 
wide spectral field with a low resolution. Typical spectral coverages of 2300 em=+ are 
achievable at 500 nm with the 600g/mm grating and 540 cm™+ with the 1800g/mm grating. 

@ By using the zero-dispersion foremonochromator to reject the exciting line, one can 
record spectra close to the Rayleigh line with a medium dispersion. At 500 nm Raman 
spectral coverages of 540 cm™' are available on the multichannel detector with a disper- 
sion of about 0.7 cm™*/diode, giving a practical resolution of about 5 em7? (slit width 
100 ym). 

® Better resolution may be obtained by an increase in the global dispersion of the 
instrument. The subtractive foremonochromator is automatically changed into an additive 
double monochromator by means of an optical device that reverses the dispersion of one 
stage. As a result the spectrometer then consists of three additive monochromators and 
field coverages of 180 cm * are achievable with a disperson of about 1.5 cm™* at 500 nm 
(slit width 100 um). 

® In addition to the multichannel detection the foremonochromator can be operated as a 
scanning double spectrometer (with additive or subtractive dispersion) with photon counting 
detection. 


Biological Applicattons 


The micro-Raman technique offers a unique method for the in situ identification of 
small inclusions or local concentrations of compounds in biological tissues or histologi- 
cal sections. Applications of micro-Raman to biological samples are essentially limited 
by the threshold of degradation. With nonresonant excitation for which the absorption of 
laser light can be neglected, a few picograms of matter can be unambiguously identified 
by their vibrational spectra by use of laser power as low as 0.2 to 1 uW. An an example, 
we present the spectrum of spherocrystals recorded in a histological section of insect fat 
body (Blatella germanica) with only 250 uW at the sample (Fig. 2). Another example shows 
the identification of a rabbit kidney stone induced by mercury and cadmium intoxication. 
This kidney stone has been identified as calcium phosphate by a recording of its Raman 
spectrum with 7 pW at the sample and an acquisition time of 2 min (Fig. 3). 

These applications clearly illustrate the advantage of multichannel detection for the 
analysis of microsamples that are subject to modifications through prolonged exposure to 
the laser beam. Several spectra were recorded after various illumination periods from 5 
to 30 min. One can observe some modifications in the spectra with long exposure times 
(15 and 30 min) that reveal a change in the nature of the sample being analyzed. 
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Laser Microfluorimeter 


The multichannel technique developed for the Raman microprobe has been extended to 
microfluorescence spectroscopy and results in a very sensitive microfluorimeter for 
biological applications (Fig. 4). It consists of the following components. 


(1) An optical microscope that focuses the laser beam onto the sample to a spot of 
about 1 um in diameter and collects the fluorescence radiations. 

(2) The necessary optics to couple the microscope to a spectrograph. The same optical 
scanner used with the Microdil 28 forms a part of the coupling optics and permits scanning 
of the sample by the focused laser radiation. 

(3) A spectrograph equipped with plane gratings (F/2 aperture) with an automatic wave- 
length-setting system: {coupled to a computer) that permits, depending on the grating in 
use, the observation of a spectral domain of 300 or 30 nm with a spectral resolution of 
respectively 3 and 0.3 nm, respectively. 

(4) A multichannel detection system (optical solid-state sensor coupled by optical 
fibers to a MCP intensifier tube) whose high sensitivity allows recording of spectra with 
low power at the sample (typically a few tens of microwatts) and short irradiation times. 

(5) A computer for total system control (optical scanner, wavelength setting) and 
acquisition and treatments of the signals. 

(6) An optional interference filter, which may be placed between the microscope and 
the spectrograph in order to record Raman spectra between 350 and 3500 cm + 

(7) The system can obtain fluorescence spectra of the various species distributed 
throughout the sample, which allows the collection of intensity profiles and mapping of 
the sample at preset wavelengths of fluorescence emission. Information on the precise 
characteristics of this new instrument and some applications in the study of intracellular 
fluorescence of chemotherapeutic agents in single cells is available. 
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AN AUTOMATED MICRO/MACRO RAMAN SPECTROGRAPH SYSTEM WITH MULTICHANNEL AND 
SINGLE-CHANNEL DETECTORS IN A NEW MOLECULAR/CRYSTALLINE MICROPROBE 


R. Grayzel, M. LeClercq, F. Adar, M. Hutt, and M. Diem 


A new fully computerized triple spectrograph/spectrometer system with integrated software 
solves the complex instrumental control and safety problems associated with the present 
generation of Raman spectrographs in which detectors and spectrometers must be indepen- 
dently controlled. The primary design objective in creating this instrument was to offer 
the industrial analytical chemist a fully integrated, safe, and easy-to-operate Raman 
system that requires minimal instrumental adjustments and provides the high sample 
throughout that follows from the decreased acquisition time when one is operating 

in the spectrograph mode. Computerized reformatting of spectra acquired with the diode 
array into constant Raman wavenumber shifted spacings makes comparison of data with all 
published Raman spectra possible. 

The development of the Raman microprobe (RMP) MOLE® in the mid- to late 1970s has 
provided the impetus for the practical implementation of Raman spectroscopy in the indus- 
trial analytical laboratory.1~? There are many examples where spectra acquired with an 
RMP provide information complementary to results from infrared (IR) absorption, x-ray 
diffraction (XRD), electron microprobe (x-ray fluorescence and Auger emission), electron 
diffraction, electron spectroscopy for chemical analysis (ESCA), and ion microprobe. 

In the case of IR, the spatial resolution of an RMP is about 10 times better and the 
Raman spectra tend to be sensitive to different molecular vibrations; that is, Raman 
scattering can probe double and triple bonds between two carbon atoms or between carbon and 
nitrogen whereas these bands are often inactive in the infrared. In the case of XRD and 
ESCA data acquisition of samples smaller than 1 mm*® is difficult. In addition, there are 
cases in which intermediate range order has been monitored by Raman spectroscopy more 
effectively than XRD (see Ref. 1 for some examples). All techniques other than IR and XRD 
require a vacuum for sample examination. The ion microprobe provides inferential informa- 
tion on molecular composition but destroys the sample. Elemental information acquired by 
an electron microprobe is often not adequate to identify a contaminating source or model 
the deposition of material without molecular and/or crystalline information. Electron 
diffraction provides detailed information on a sample but requires smaple thinning to the 
point that preparation-induced modification can be a concern. 

Many applications of the RMP have shown that there are several analytical problems 
that can be addressed by the RMP and provide information complementary to the techniques 
mentioned above.* However, a deterrent to the use of a RMP in many locations has been the 
long acquisition time required in a monochannel instrument (typically 10 min to 10 h). 
Because of the inherent weakness of Raman signals, and the requirements for rejection of 
the unshifted laser light, the Raman instruments tend to be large and no foreseeable 
improvements in the optics or single channel detectors of such instruments are expected to 
decrease acquisition times by an order of magnitude. The availability of multichannel 
optical detectors, however, provides the potential for sample throughout because of the 
well-known multiplex advantage. It was early recognized that such detectors would prove 
quite useful when incorporated in a RMP.* The work described here was performed on an 
instrument fully controlled on a single computer. The instrument was designed to provide 
a safe and easy-to-operate Raman microprobe system for rapid sample turnaround times. 


Instrument Destgn 


Figure 1 is a schematic of the instrument. The core of the instrument is a Raman 
triple spectrograph composed of a double subtractive monochromator (DHR320) and a 0.64m 
spectrograph (HR640). The function of the pre-monochromator is to define a bandpass 
(i.e., spectral region) that the spectrograph outfitted with a diode array will detect. 
By limiting the spectral region passed into the spectrograph, high stray-light rejection 


Authors Grayzel, LeClercq, Adar, and Hutt are at Instruments SA, Inc., 173 Essex Ave., 
Metuchen, NJ 08840; author Diem is at the Department of Chemistry, Hunter College, City 
Unviersity of New York, NY 10021. 
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FIG. 1.--Schematic of MOLE® triple spectrograph. 


can be offered, a requirement for work on powdered bulk samples and for most work on the 
microprobe. The software enables control of the spectrograph parameters in both wave- 
length and wavenumber shifted units. For Raman work, where wavenumber shift from the 
laser is the relevant parameter (reflecting a molecular or crystalline vibrational fre- 
quency), the user chooses low and high Raman frequency shifts that define the covered 
spectral region and the computer calculates the central wavelength and scans both the 
HR640 and DHR320 drive systems. It also calculates and controls the second slit in the 
DHR320 which determines the bandpass. Interchange between the macro and micro sampling 
optics is under computer control; a single motor exchanges the laser input to the samples 
and the imaging of the Raman light onto the DHR320 entrance slit. The photomultiplier 
tube (PMT) and diode array can be interchanged as well and standard scanning software has 
been implemented on this system. Safety features in both the hardware and software pro- 
tect against conditions that may allow the excitation source to damage the detectors. 

The intensified diode array that has been incorporated in the system is provided by 
Princeton Instruments. The intensifier is of the microchannel plate design which permits 
negligible image distortion onto the diode array and enables spectra to be calibrated 
accurately over the full range of the array. 


Computer Control 


All functions of the instrument, including rotation of the gratings, setting of the 
intermediate aperture bandpass, control of both photodiode array and photomultiplier 
detectors, and the choice of sampling optics are handled by a single multitasking computer. 
The system eliminates the need for calculating grating wavelength positions and inter- 
mediate aperture settings for wavenumber shifted data. The software automatically sets 
the minimum aperture for the desired coverage to optimize stray-light rejection. 

Further innovations to the system include an automatic background subtraction sub- 
routine that will collect a background spectrum immediately after each multichannel acqui- 
sition or pull a valid background spectrum from disk memory. An autocalibration routine 
with a built-in hollow-cathode lamp standard provides automatic calibration of spectral 
peak position. 


20 


Results 


Testing of the system was designed first to evaluate optical performance and then the 
performance of the diode array. 

Throughput, resolution, and stray-light rejection were measured with a standard photon 
counting system using an RCA GaAs photomultiplier (C31034). Spectra recorded by scanning 
of the triple monochromator were compared to data recorded on the U1000 double im mono- 
chromator on the same sample in the same same sample chamber. 

Figure 2 shows Raman spectra of a pellet of dibenzothiphene recorded by scanning of the 
U1000 and the new triple spectrometer. Differences in throughput were within the predic- 
tions based on differences in total reflectivity of the two systems. Small differences in 
resolution can be observed by examination of closely spaced lines (for instance, the 
doublet at ca. 1300 cm7+). 
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FIG. 2.--Raman spectrum of a pellet of dibenzothiphene recorded on triple spectrometer in 
scanning mode compared to spectrum recorded on the U1000. 


Preliminary data recorded on the triple in the scanning and spectrograph modes show a 
gain in speed of recording spectra of about an order of magnitude. 

Figure 3 shows three mercury lines through the triple spectrograph as detected by the 
diode array. The insert in the upper right of the figure shows the unprocessed data; the 
minimum detectable linewidth is 3-4 diodes, which is the specification for an intensified 
diode array. 

Figure 4 shows data taken in the spectrograph mode of dibenzothiophene and sulfur in 
the macro and micro modes. Pellets were examined in the sample chamber and single 
particles (5-10 wm) were examined on the microscope stage. 
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Data Reformatting and Linearization 


The computer on the system provides 
for reformatting of spectra taken with 
the multichannel detection system from 
the original presentation in linear 
diode spacing to either linear wave- 
length or wavenumber spacing. The algo- 
rithm describing the conversion is based 
on the focal length of the HR640 mono- 
chromator, the included angle at the 
grating, and the groove density of the 
grating.® This conversion allows direct 
comparison between data in the multi- 
channel mode with all standard published 
Raman data and with data acquired on the 
standard double monochromator whose 
scanning increments are constant-frequency 
intervals. 

Figure 5 shows a diode array spectrum 
of dibenzothiophene compared to a spec- 
trum recorded on the U1000 before and 
after linearization of the diode array 
spectrum. The bands in the reformatted 
file accurately overlay the bands in the 
Raman U1000 file. 

In conclusion, it is to be anticipated 
that this new instrument design will 
enhance the usefulness of the Raman 
microprobe MOLE in industrial analytical 
laboratories where the ability to 
acquire molecular and/or crystalline 
information from unaltered microscopic 
samples rapidly will aid in product 
development and quality control. 
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COMPOSITIONAL INTERPRETATION OF SYNTHETIC C-O-H FLUID INCLUSIONS BY MICRO-RAMAN 
ANALYSIS AND MICROTHERMOMETRY 


J. D. Pasteris, J. C. Seitz, and Brigitte Wopenka 


Geologists attempt to determine the compositions of fluid inclusions (usually < 100 um) in 
minerals in order to infer the chemical and physical conditions under which their host 
rocks crystallized or subsequently were altered.*’* The conventional method of analysis 
is microthermometry. However, in recent years laser Raman microprobe (LRM) spectroscopy 
has proved to be a very useful technique*~° for the detection and quanitification of non- 
ionic species in fluid inclusions (e.g., CO,, CH,, H,S, Nz). This paper compares the 

LRM and microthermometric results of synthetic fluid inclusions’ and illustrates how both 
techniques are needed to infer the bulk composition of a C-O-H fluid. This comparative 
study also helps to reveal some inherent weaknesses in assumptions underlying the applica- 
tion of both of these techniques. 


Methods 


In microthermometry, inclusion-bearing chips of the rock are cooled until the fluids 
solidify. The chip is slowly heated, and the equilibrium melting temperature T, of the 
fluid is observed under a microscope. Ty, is used to help identify the composition of the 
fluid. Although microthermometry is very useful for simple chemical systems, there are 
several limitations to this method: (1) The inclusions may be very small (< 3 um) and/or 
optically unclear. (2) For complex mixtures of two or more compounds, fluid inclusions of 
exactly the same composition can have different T,,'s if their densities differ.+° 
(3) Small amounts of gas species frequently are not detected by microthermometry. 

In LRM analysis, a monochromatic laser beam is focused through a microscope into a 
solid, liquid, or gas inclusion in a mineral. The Raman-scattered radiation within a 
narrow cone whose axis is 180° to the exciting beam is collected by a microscope objective, 
then passes through a double monochromator and is detected by a monochannel photon- 
counting system. Solid inclusions 2 1 um and fluid inclusions 2 3 um in diameter readily 
can be analyzed. Our instrument is a RAMANOR U-1000, manufactured by Instruments SA. 


Synthette C-O-H Flutd Inclusions 


The C-O-H system includes, among others, the geologically important species CO,, H,0, 
and CH,. In order to understand the behavior of these species in natural inclusions, 
Sterner and Bodnar’? prepared synthetic C-O-H inclusions of known bulk composition by 
healing fractures in Brazilian quartz. The fluid was generated from acetic acid plus 
water at 600 C and 3 kb in a closed hydrothermal system. The resulting synthetic fluid 
inclusions generally range from 2 to 50+ um in length and have excellent optical clarity. 
At room temperature, most of them contain an aqueous liquid (mostly H,0 with minor dis- 
solved CO, and CH,), a carbonic liquid (CH, + CO,), and graphite (Fig. 1). 

Sterner and Bodnar provided us with three different samples, each having different 
bulk compositions, which we initially intended to use as external standards to check our 
ability to do quantitative LRM analyses. Sterner and Bodnar subsequently determined that 
not all the inclusions from a single experimental run had the same microthermometric 
properties, such as melting and homogenization temperatures.*+ Furthermore, almost all 
the inclusions in each of the three samples contain visible graphite, but the bulk compo- 
sition of the fluid had been calculated assuming the stoichiometric breakdown of acetic 
acid to produce only CO, and CH,. Thus, the bulk fluid composition was unknown and not 
what had been predicted. The inclusions could not be used as standards for quantitative 
LRM analysis, i.e., to check the accuracy of the analysis. However, they still could be 
used to check the precision of the method, after it subsequently was established by LRM 


The authors are in the Department of Earth and Planetary Sciences at Washington Uni- 
versity, St. Louis, MO 63130. They are grateful to Michael Sterner and Robert Bodnar for 
providing them with the C-O-H synthetic inclusions. This research was funded in part by 
NSF grant EAR-8408004 and by the McDonnell Center for the Space Sciences at Washington 
University. 
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analysis that all the inclusions in one chip 

(AA3) have the same bulk fluid composition. 
: Only the results from chip AA3 are reported 
: in this study. 


Quantitative Miero-Raman Analysts 


The LRM was used to obtain spectra of 
each of the three phases in 25 fluid inclu- 
sions. Particular interest was focused on 
the CO,.-CH, molar ratio in the carbonic 
liquid (Fig. 1), a geologically important 
parameter. 

Placzek showed that the relative molar 
proportions of two species in a homogeneous 
mixture vary directly with the ratio of the 
areas of their Raman peaks and tnversely 
with the ratio of their Raman scattering 
efficiencies.’+* The Raman scattering effi- 
ciency of a certain vibrational mode is 
expressed as the relative normalized differ- 
ential Raman scattering (RNDRS) cross sec- 
tion. These RNDRS cross sections have been fJG, 1,.--Photomicrograph of some of synthetic 


determined experimentally relative to C-O-H fluid inclusions in quartz that were 
: nitrogen for most gases of geological analyzed by both LRM and microthermometry. 
: interest, and are tabulated.*°"** Central carbonic (CO-CH,) liquid (L¢). 
The scanning intervals in this study Envelope of aqueous liquid (mostly H,0, with 
were 1370-1400 cm! for CO, (symmetric C-O minor dissolved CO, and CH,; Ly). Small 
stretching vibration at 1388 cm! for low- black graphite particles (G). 


pressure gas phase) and 2900-2930 cm™! for 

CH, (symmetric C-H stretching vibration at 2917 cm! for low-pressure gas phase). Peak areas 
(Fig. 2) were determined with an uncertainty of + 3 relative % due to counting statistics. 
The instrumental reproducibility was excellent, since the uncertainty of the CH,-CO, peak 
area ratio was determined mainly by counting statistics.!° Application of Placzek's?* 
formula and values for RNDRS cross sections for CO, and CH, from Schrétter and Kl&ckner** 
produced consistent values of v 15 mole% CH, (15 + 2 mole%) in the CO,-CH, liquid in fluid 
inclusions in three different regions of the synthetic chip. The uncertainty of this 
result is a function of the errors of the four variables, namely the two peak areas and 
the two RNDRS cross sections, as determined by error propagation. 

These analysis results provide a strong confirmation that all the inclusions have the 
same CO,-CHy composition. The standard deviations of results among different inclusions 
do not differ significantly from those for repeated analysis of the same inclusions.?° 
However, the exact proportions of CH, and CO, are still unknown, and thus the accuracy of 
the result is questionable. The major uncertainties in a Placzek-type calculation are the 
values for the RNDRS cross sections of the species. First, there is at least a 10 rela- 
tive % uncertainty in these values at 1 bar pressure, the condition at which these values 
were experimentally determined for gas phases. Second, our fluid inclusions are at 10's 
of bars pressure and are liquid. Third, the RNDRS cross sections are reported for a 90° 
scattering geometry, which applies to neither the RAMANOR U-1000 nor its predecessor, the 
MOLE. (Both instruments have a 180° scattering geometry.) Thus, the accuracy of the 
present results is not known. 


Microthermometry Combined with Mtero-Raman Analysts 


As an independent check on the compositional information, microthermometry was done on 
the same inclusions that had been analyzed by the LRM. Two of the measured parameters are 
plotted in Fig. 3: melting temperatures T,, of the carbonic phase and temperature of 
homogenization Tphp of the gas bubble that forms in the carbonic phase upon cooling. It 
is clear from Fig. 3 that the T,,'s and Tpp's are not the same for all the inclusions. How- 
ever, as mentioned above, in a multicomponent system these temperatures reflect both compo- 
sition and density. 

Without the LRM analyses, the inclusions probably would have been considered different 
in composition. However, the consistent Raman data and the linear relationship of T, vs 


26 


co2 CH4 


TOTAL AREA « 28771 +/- 170 COUNTS TOTAL AREA s 37763 +/- 194 COUNTS 
BACKGROUND AREA « 17955 +/~ 284 COUNTS BACKGROUND AREA « 22515 +/- 411 COUNTS 
PEAK AREA « 210816 +/— 331 COUNTS PEAK AREA + 15248 +/- 455 COUNTS 


1870 1973 1980 18 1980 is cA 2e08 m0 2083 aaen Bee] ea 
UAVERLESERS UAVERREGERS . 


LASERs 10 HWY AT SAMPLE SURFACE @ 514 NM. SLITS: SOO MIC. 30 SECS/POINT. POINTS SPACED BY | BAVENUMBER 
FIG. 2.--Peak area determinations for CO, (Fermi 
resonance of C-O symmetric stretching vibration) and 
CH, (C-H symmetric stretching vibration) in carbonic 
liquid phase of single synthetic fluid inclusion. 


Thp (Fig. 3) suggest that the inclusions have the 
same composition but somewhat different densities. 
It is difficult to make a compositional inter- 
pretation of the above microthermometry data, 
because no reliable pressure-volume-temperature 
data are available for the system CO,-CH,-H,0. The 
assumption was made that since there is little 
mutual solubility of the aqueous and carbonic 
components below room temperature, one could use 
experimental data for the subsystem CO,-CH,.+°~*® 
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FIG. 3.--Plot of melting temperature 
T,, vs homogenization temperature of 
gas bubble Typ in carbonic liquid of 
C-O-H synthetic fluid inclusions. 

Two lines are least-squares fits to 
inclusions in three different 

regions of same quartz chip, as 
indicated by three different symbols. 
All inclusions along same line are 
assumed to have same bulk fluid 
composition, but different densities. 
Why there are two distinguishable 
populations (lines) is under inves- 
tigation. 


Application of Swanenberg's method*® to the carbonic portion of these fluid inclusions 
(which involves estimating volumes of phases present in an inclusion at a standard 
temperature) produces a wide range of CH,-CO, ratios (casting doubt on its applicability 
in the more complex system containing H,0), many of which are in the range of 20-30* mole% 


CH, . The method of Burruss? 


microthermometry data are not compatible with his diagrams for CO.-CH, inclusions. 


° (which involves plots of Tm VS Thb) was attempted, but our 


How- 


ever, Burruss*’ had inferred that within the C0,-CH,-H,0 system, if, upon heating, the 
bubble in the carbonic liquid homogenizes (Tpp) before the solid clathrate (CO,-H,0 phase) 


melts, 


then there probably is more than 20 mole% CH, in the carbonic liquid. 


This indeed 


describes the melting behavior in all inclusions analyzed in this study, where the clath- 


rate melts at up to 25 C above Typ. Thus, inferences 


from both the Swanenberg?® and 


Burruss!”’ studies suggest considerably greater than 20 mole% CH,, rather than only 15 


mole% 


Conelustons 


as calculated from the LRM spectra by the Placzek method. 


It has been known for several years that the LRM can provide semiquantitative analysis 


of nonionic species in fluid inclusions. 


The present study confirms how the combined use 


of LRM and microthermometric data can be helpful in constraining both compositional and 


density differences among inclusions. 


In the present study, in which it was known that 


only C-O-H species could occur, each technique also pointed out a weak assumption in the 


other. 


It cannot be assumed that the ratio of the RNDRS sections for CH, and CO, remains the 


same at all pressures. 


It therefore certainly cannot be assumed that this ratio is the 


same for a liquid phase as it is for the low-pressure gas phase for which the ratio was 


experimentally determined. 


These two factors probably are the major reasons that the 


Placzek-type calculations on the LRM data consistently yielded low CH, ratios. 
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Knowledge from the LRM data showed all the inclusions to have approximately the same 
CH,-CO, ratio, although the microthermometric parameters differed among inclusions 
(Fig. 1). This finding permitted confirmation of Burruss's'® statement that inclusions of 
the same composition can have different microthermometric parameters if they have different 
densities. It also permitted us to demonstrate that it is not a simple matter properly to 
interpret CO,-CH,-H,O inclusions by use of data for the CO,-CH, subsystem. 

This work again has confirmed that micro-Raman analysis and microthermometry are com- 
plementary analytical techniques and that both methods are needed for the compositional 
interpretation of C-O-H fluid inclusions. However, at the present levels of knowledge, the 
true composition (i.e., quantitative analysis) of the synthetic fluid inclusions cannot be 
determined with high accuracy by either method. RNDRS cross-section values applicable to 
geological problems (i.e., high-pressure gas and liquid phases) as well as reliable 
thermometric data for the CO,-CH,-H,O system would be required to accomplish this. 
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SPATIALLY LOCALIZED TRANSIENT SPECTROSCOPY AS A PROBE OF 
LASER-INITIATED MICROCHEMISTRY IN THIN FILMS 


G. J. Fisanick 


Chemical reactions localized to the micron or submicron level have become of major interest 
in the microelectronics industry for repair and customization of lithographic masks and 
devices. Laser-initiated chemistry using beams focused to near diffraction-limited diame- 
ters has provided one technique for obtaining such features; in particular, we have focused 
on the local thermal decomposition of metallopolymer films for metal deposition. Using a 
modified Raman microprobe for generation of the laser-initiated reaction, we have simultan- 
eously probed the reaction dynamics using spatially localized transient absorption and 
reflection spectroscopy. The reaction kinetics in these systems are complicated by the 
very rapid thermal ramping rates (up to 10° K/s) obtained when using highly focused laser 
beams for heating, a regime far from that normally accessible. 

In addition, for cases where the local metal pattern is to be used for conduction, the 
purity of the remaining deposit (or equivalently the extent of reaction) is a major issue. 
Reaction profiles obtained by scanning Auger microscopy complement the dynamic measure- 
ments described above, and lend additional insight into the local reaction kinetics. 


Experimental 


An Instruments S.A. Raman Microprobe was the core apparatus for these experiments. We 
modified the system by replacing the viewing screen with a video monitoring system, adding 
O.lum Klinger computer-controlled stepping motor stages for rastering sample position, and 
introducing a polarizer at the microscope exit to direct the reflected light to an aper- 
tured fast photodiode. A second apertured photodiode was aligned with the transmitted 
laser beam. A gated OMA has been added to the system for future Raman or luminescence 
spectroscopy as well. The input optical train was also modified by inclusion of a Coherent 
Noise Reduction System, followed by an acoustico-optic modulator to provide variable width, 
sharp rise time (< 100 ns) pulses when triggered by a computer controlled BNC pulse genera- 
tor, a NRC variable attenuator, and a spatial filter. 

Besides the high-power 5145 A Ar*+ laser beam used to generate the chemical reaction 
(0-3 mW in a 0.8um FWHM spot on target), a second weak HeNe (0.5 mW in a 1.2 m FWHM spot on 
target) probe beam was introduced through the input optical train, at a variable spatial 
offset (0-10 um) from the generating beam. We measured beam diameters in the focal plane 
by translating a sample with an abrupt (<0O.lum width) relfectivity step through the beams. 
Color filters were used to select either pump or probe beam for presentation to the photo- 
diodes. The transient signal from the photodiodes during reaction was digitized by a Le 
Croy/CAMAC transient digitizer, and averaged and plotted using a DEC 11/23 computer. 

The material used for deposition of Au features was Engelhard NW Bright Gold Screen 
ink, consisting of a Au mercaptide and additional polymer binders. The material produces a 
homogeneous, uniformly thick brown glassy film when spun on substrates using a commercial 
spinner such as those used for deposition of photoresist. The film was prebaked at 90 C 
for 20 min to remove excess solvent and laster written; then unreacted material was removed 
with a CH,C1l, to leave behind adherent metallic-looking features, which were analyzed by 
scanning Auger microanalysis in a JEOL system. 


Results 


Typical laser-written features on a thin nonthermally conducting substrate are shown 
in Fig. 1, where the laser beam was CW, and the sample was rastered at variable speeds. A 
remarkable variety of structure is generated as a laser power and scan speeds are varied. 
This structure has been postulated’~* to result from the competition between the energy in- 
put from the laser, and the heat released from the highly exothermic oxidative pyrolysis of 
the metallopolymer. The heat released from the reaction causes the reaction front to prop- 
agate rapidly far beyond the laser-illuminated region, until it is quenched by thermal con- 
duction losses. The scanning laser then catches up and reinitiates the reaction which 
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FIG. 1.--SEMs of periodic structure as a function of laser conditions; scan direction from 
left to right. 


runs ahead; the process repeats indefinitely and leads to the strongly periodic structure 
observed. 

In Fig. 2, the relation of this structure to reaction profiles is demonstrated by a 
comparison of an SEM of a periodic feature with an 8-tone Auger map of local carbon contam- 
ination. It is clear the Auger map can be superimposed on the periodic structure, and that 
reaction has nearly gone to completion at the center of the feature. Modification of the 
development conditions can remove the carbon contaminated feature wings. 

The dynamical behavior of the system is illustrated in Fig. 3, where self-transmission 
data of the Art laser as a function of laser power are shown; and Fig. 4, where HeNe laser 
transmission as a function of distance is shown, both for a static pulsed exposure. In 
Fig. 3, the transmission initially falls as a function of time as an opaque deposit is 
formed. The decay rate is not simple exponential due to the thick film limit of the ab- 
sorption, and to the heating during reaction. However, the reaction time scale is in the 
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FIG. 2.--SEM and scanning Auger map of 
C concentration. Auger spot size is 
0.35 um. 


microsecond regime. At higher powers, for later 
times, the transmission increases, corresponding 
to material ablation at the center of the spot. 
At the highest power, Fig. 4 shows the spatially 
resolved dynamics. Ablation at the spot is 
still evident, but at larger distances from the 
center there is no increase in transmission at 
later times, the reaction rate slows, and there 
is a finite induction time prior to the onset 

of reaction. This time may be related to a 
reaction front velocity, which propagates out- 
ward at a rate of 0.3-0.5 m/s. 


Coneluston 


Clearly, dynamic measurements of spatially 
localized reactions, coupled with standard 
microanalysis techniques, can provide detailed 
information on reaction mechanisms. Spatially 
localized reactions on micron or submicron 
scales are becoming of even greater interest on 
the microelectronics community, and analysis 
techniques that can address these processes will 
be increasingly in demand. 
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FIG. 3.--Transient self-transmission spec- 
troscopy of Art generating laser as a 0.0 40.0 20.0 30.0 
function of laser power for stationary TIME (yssec) 
pulsed exposure. Increase in transmis-' ; 
sion in panel d at later times is due to 
ablation at center of spot. 


FIG. 4.--Spatially resolved probe transmis- 
sion as a function of distance between 
generating and probe spots. 
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SINGLE-CRYSTAL POLARIZED RAMAN SPECTROSCOPY OF MICROSCOPICALLY ORIENTED CRYSTALLINE 
QUARTZ FRAGMENTS 


M. E. Andersen and J. G. Delly 


Polarized Raman spectra are often used to assign particular vibrational modes to peaks in 
the observed spectra. Such assignments can help determine, for instance, the orientation 
of a molecule within a crystal structure or polymer fiber. Quantitative measurements of 
band intensities as a function of single crystal orientation is of interest in the theo- 
retical understanding of materials.’ Studies of this kind have been made with standard 
Raman instruments, but only recently have Raman microprobe instruments been applied to 
polymer fibers* * and silicon.°’® Raman microprobes allow measurement of polarized 
spectra with high spatial resolution. Some materials that are difficult to grow into 
crystals large enough for polarized macro-Raman measurements can now be analyzed by the 
Raman microprobe. In this paper we describe the procedure one can use to orient opti- 
cally single crystals as small as about 10 um; polarized Raman data can subsequently be 
obtained. 


Polartzed-light Microscopy (PLM) 


The single-crystal orientations used in the present Raman spectroscopic studies were 
made with the use of a polarized-light microscope, a spindle stage, and the principles of 
optical crystallography. To characterize optically homogeneous, transparent materials we 
need to take advantage of the fact that the refractive optical properties of such mater- 
ials can be represented by three principal refractive indices, which are mutually at right 
angles to one another. In the case of substances crystallizing in the cubic system, the 
three refractive indices are numerically the same, and determining the value of that index 
n is sufficient to optically characterize the substance. For uniaxial substances crystal- 
lizing in the hexagonal or tetragonal systems, two principal refractive index values (e 
and w) need to be determined to characterize the substance. For biaxial materials crys- 
tallizing in the orthorhombic, monoclinic, or triclinic system, three principal refractive 
indices a, 8, y need to be determined. The relationship between the refractive indices 
and the crystallographic axes can be determined. The specific methods for accomplishing 
these tasks are described in several standard reference works on microscopy and optical 
crystallography.’~*° For the present study we are concerned primarily in locating the 
vibration directions within a single, morphologically imperfect (i.e., lacking well-formed 
faces and angles; comminuted) uniaxial quartz particle, and maintaining those vibration 
directions in known orientations for the purpose of conducting Raman spectroscopic studies 
along known crystallographic planes. This procedure is applicable to any hexagonal or 
tetragonal transparent material. 

Crystal orientation is achieved through the use of a spindle stage on the rotating 
stage of a polarized-light microscope. Figure 1 illustrates the various freedoms of 
motion available. The principles and practice of the spindle stage have been described by 
Bloss.’' The spindle stage is about 3.8 x 5.0 cm at the base, with a 180° protractor 
mounted upright at one end. A needle holder made from stainless-steel hypodermic needle 
tubing is bent to a right angle and forms a handle that travels around the protractor. 

The protractor scale is gradiated in 5° intervals with detents. In rotating the handle, 

it clicks into the detents, indicating the number of degrees the needle holder is being 
rotated. The actual spindle consists of a fine embroidery needle, which fits into the 

needle holder. The crystal is mounted on the tip of the needle with a minimum of flexible 
collodion in amyl acetate; a stereomicroscope is used to observe the process. Thus, 

rotating the handle around the protractor allows for rotating the crystal 180° about the 
spindle axis. The spindle stage (which is available commerically from Technical Enterprises, 
2008 Carrol St., Blacksburg, VA 24060) allows room for a microscope slide so that if desired 
the crystal may be immersed in liquids (e.g., water for cooling, refractive-index liquids, 
etc.) and covered with a coverglass while still being capable of being rotated. From 
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#7. Fig. 1 it will be seen that, because the 
Microscope Axis spindle stage is fastened to a rotating, gradu- 
ated microscope stage, the entire apparatus 
t bearing the crystal may be rotated 360° about 
the vertical microscope axis. Between these 
two rotations, crystals may be properly 
oriented. 

To illustrate the crystal orientation 
procedure step by step, we have constructed a 
model spindle stage and crystal. Alpha-quartz 


C 


Spladle Stage 
. Anis 3 


FIG, 1 1s a uniaxial, positive material with two 
principal refractive indices, np = 1.5533 (e) 
and ny, = 1.5442 (w). We have used Fletcher's concept of the uniaxial indicatrix as an 


ellipsoid of revolution in constructing the plastic model of the crystal. 

Figure 2(a) represents the quartz crystal attached to the needle tip with adhesive. 
The "crystal" has been mounted in the worst possible case (that is, the needle axis direc- 
tion does not correspond to any crystallographic axis), and the spindle handle has been 
initially set straight up, at 90°. Figure 2(b) is an actual photomicrograph showing the 
microscopical appearance of just such a randomly mounted and oriented, comminuted quartz 
grain, as it is seen between almost fully crossed polarizers. (In actual practice, the 
polarizers are fully crossed, but are here very slightly uncrossed so as to demonstrate 
the needle position relative to the crystal.) Under these conditions, the anisotropic 
nature of the birefringent crystal is evident as a lighted object against a black back- 
ground; the actual colors are a function of the birefringence (i.e., the numerical diff- 
erence between the refractive indices, 0.009 for quartz) and the thickness of the crystal. 
Neither vibration direction corresponds (i.e., is parallel) to the East/West vibration 
direction of the microscope's substage polarizer. 

Next, the handle is rotated around the protractor in either direction while the 
crystal is kept under observation between fully crossed polarizers. The handle is rotated 
until the crystal comes to extinction and the entire field of view is black, as happens 
when one of the crystal's vibration direction corresponds to that of the polarizer or 
analyzer. Figure 3(a) shows this condition; the major axis of the model is parallel to 
the polarizer vibration direction. Figure 3(b) is the microscopical appearance (again, 
the analyzer has been slightly uncrossed so as to outline the crystal and needle). This 
step aligns one of the vibration directions; the other is 90° from this point. The 
spindle stage protractor reading is now made (note handle position in Fig. 3a) and then 
the handle is rotated exactly 90° from that reading. Figure 4 shows (a) the new crystal 
model position and (b) the microscopical appearance. 

The final step, after the handle has been rotated 90° from the first extinction posi- 
tion, is to rotate the microscope stage that bears the spindle stage, while observing the 
crystal between fully crossed polarizers until it again becomes extinct (i.e., field of 
view completely black). Figure 5(a) shows that this occurs when now both crystal princi- 
pal vibration directions exactly correspond to the polarizer and analyzer vibration 
directions; compare Figs.5(a) and 2(a}). Figure 5(b) is the microscopical appearance. In 
this orientation, « and w lie in the plane of the field of view, and the coniscopic 
appearance (i.e., with Bertrand lens or phase telescope inserted) is that of an optic 
normal flash figure, ideally illustrated in Fig. 5(c). 

We have seen how to orient a uniaxial crystal (quartz) so that both e« and w lie in the 
plane of the field of view, but we still do not know which is which; i.e., does ce lie 
North/South or East/West? To answer this question we select a refractive index liquid 
whose value lies between e« and w (say,Mp = 1.549) in which to mount the crystal origi- 
nally. Then, with the analyzer OUT and with a Sodium D (589nm) filter in the light path, 
the aperture diaphragm is closed and we focus UP (i.e., increase distance between objec- 
tive and specimen}. A halo of light surrounding the crystal when in best focus, on 
focusing up, moves either tmto the crystal or outward into the surrounding mounting mediun. 
The halo always moves in the direction of higher refractive index (the Becke test). 

Figure 5(d) illustrates this procedure with the crystal left as in Fig. 5(a) and 5{b). 

The halo has moved into the crystal indicating that the higher refractive index (ce) is 
parallel to the East/West oriented polarizer, i.e., the 1.5533 direction in the crystal is 
East/West; the other vibration direction is perpendicular, and although one need not do 
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so, we illustrate that by taking a reading from the microscope graduated stage with the 
crystal as in Fig. 5(d), then rotate the microscope stage bearing the spindle stage 90°, 
so that the microscopic appearance is that of Fig. 6(a). Again applying the Becke test, 

we see (Fig. 6b) that the halo moves outward, indicating that with the crystal oriented 
thus, the refractive index of the liquid is higher than that of the crystal, which is to 
say the smaller (w) refractive index direction, 1.5442, now lies East/West. In practice, 
it is enough simply to rotate the stage back andforth to see the Becke line cross over the 
crystal boundary first into and then away from the crystal. 

With the vibration directions known, the Raman spectroscopic studies may now be con- 
ducted with confidence as to crystal orientation. We have selected a 40um crystal to 
illustrate this step-by-step orientation procedure. In practice, we have gone down to 
10um crystals and have found no difficulty in making the observations necessary to orient 
the crystal. This orientation procedure may be applied to any uniaxial crystal; a dif- 
ferent procedure for biaxial materials is necessitated by the two optic axes and the need 
to consider three principal refractive indices. 


Raman Spectroscopy 


Figure 7 is a schematic definition of the laboratory frame of reference with regard to 
the light path for the MOLE® Raman Microprobe. The electric vector of the laser was 
oriented for maximum reflectance from the beam splitter; that is, the electric vector was 
parallel to y in the laboratory frame of reference. The presence of the beam splitter can 
seriously affect the polarization measurements and for quantitative work its effects must 
be compensated. The analyzer is placed in a plane of the collected beam where the light 
rays diverge only slightly. A polarization scrambler (quartz wedge) is placed immediately 
after the analyzer to minimize the polarizing effect of the gratings. Finally, an aper- 
ture diaphragm is placed in the enlarged conjugate image plane of the microscope objective 
back focal plane. This aperture diaphragm can be closed to limit the effective numerical 
aperture (NA) of the objective. An adjustable aperture diaphragm gives the spectroscopist 
two additional analytical advantages: first, the presence of this aperture eliminates 
stray light which may be introduced when a microscope objective is used that is not opti- 
cally matched to the system.*’'* For instance, when a 50x/0.85 NA objective is used, the 
Raman signal increases as the numerical aperture increases (Fig. 8) until the gratings are 
filled. Any further increase in the numerical aperture (beyond NA:0.77 in this example) 
results in additional stray light with no increase in the Raman signal. In polarized 
Raman spectroscopy, the high numberical aperture of the microscope objective introduces an 
error in the measurement. This error has most recently been discussed with regard to 
Raman microprobes by Turrell.’* Using the relationships derived in that paper one can 
maintain high numerical aperture optics and the resultant small spot size, and correct the 
measured signal. Alternatively, if the signal is sufficiently intense one can reduce the 
effect of the high numerical aperture of collection by closing down the aperture 
diaphragm. 

Quartz was the material selected for this Raman study because it is uniaxial and has 
been well characterized in previous studies on a macro scale.* The mounted crystal is 
oriented so that the y axis of Fig. 7 (that is, the electric vector of the laser) is 
parallel to the c axis of the crystal. A 50x/0.85 NA objective was used and the crystal 
was first examined in air. Two spectra were recorded with the analyzer rotated 90° 
between spectra (Fig. 9). It is evident that the discrimination between polarized 
features in this figure is quite poor. A number of hypothetical reasons for this lack of 
discrimination can be considered. Certainly a minor effect arises from the polarization 
scrambling of the objective? Other effects might be attributed to the birefringence of 
the crystal affecting the polarization of both the incoming laser beam and the Raman 
scattered radiation. In addition, the material is optically active, which would also 
affect the polarization of the incoming and outgoing beams. Considering the very small 
volume that is excited in quartz with a highly focused laser beam (of the order of a few 
micrometers with this objective) such effects are unlikely to cause the significant 
polarization scrambling observed in these spectra. Rather, the most likely explanation is 
due to the scattering of the light by the very rough surface of the crystal itself. In 
order to eliminate this scatter one should immerse the crystal in a liquid whose refrac- 
tive index very nearly matches that of quartz; that is, around np = 1.55. However, such 
immersion liquids have Raman spectra that can be relatively intense, or they may be 
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fluorescent and interfere with the measurement. An ideal immersion liquid for Raman 
measurements is water with a refractive index of np = 1.33. Although this value does not 
match the immersed crystal, it significantly cuts down light scatter when compared to air 
(refractive index ny = 1.00). Thus the crystal was immersed in water and examined 
through a cover glass. In order to record a Raman specgrum from the crystal, a long 
working distance objective (a Nikon 30x/0.55 NA with correction collar) had to be used 
since the working distance of the 50x objective was inadequate for examination through a 
cover glass. The resulting spectrum is shown in Fig. 10. In the top figure the A, modes 
are shown; in the bottom, the E modes. Any misorientation of the crystal or polarization 
scrambling is indicated by leakage of the most intense A, mode into the bottom spectrum. 
This band at 464 wavenumbers is present in the lower spectrum but its intensity is quite 
low. In Fig. 11, the microscope stage has been rotated 90° and two additional Raman spectra 
have been recorded. In this orientation both A, and E modes are present in the upper 
spectrum, whereas in the lower spectrum only the E modes are detected, although there is 
still a small amount of leakage due to some misalignment or polarization scrambling. 

A second crystal, also examined in detail, was a naturally rounded grain of quartz 
sand, the surface of which was much less light scattering than the previous crystal. The 
polarized Raman spectra of this sample were recorded immersed in air with the 50x/0.85 NA 
objective. Some polarization scrambling has obviously occurred (Fig. 12) as evidenced by 
a leakage of the 464 wavenumber quartz band into the lower spectrum, but the smoother 
surface of this sand grain has minimized the deleterious effects of the light scatter 


Coneluston 


With the use of standard polarized-light microscopical techniques and a spindle stage, 
randomly shaped and oriented, uniaxial birefringent crystals as small as 10 pm in maximum 
dimension have been oriented for polarized Raman microprobe measurements. Although spindle 
stage sample orientation procedures have been previously applied on a routine basis to 
x-ray diffraction, this is the first time these procedures have been applied to Raman spec- 
troscopy. Any small biaxial transparent single crystal can similarly be crystallograph- 
ically oriented for polarized Raman microprobe analyses. With the recent application of 
multichannel detection systems to Raman spectroscopy, crystal orientations can be moni- 
tored and optimized in "real time." 
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RAMAN MICROPROBE SPECTRA OF SPIN-ORIENTED AND DRAWN FILAMENTS OF 
POLYETHYLENE TEREPHTHALATE: CONFORMATION, ORIENTATION, AND CRYSTALLIZATION 


Fran Adar and H. Noether 


Polarized Raman spectra of single filaments of spin-oriented and drawn fibers of polyethy- 
lene terephthate were recorded. Because the degrees of crystallinity and orientation were 
known from x-ray diffraction (XRD), density, and optical birefringence, it became possible 
to identify features of the Raman spectra which correlated with (1) orientation of the 
chains and (2) crystallinity, and (3) to monitor independently the conformation of the 
glycol linkage. 

The degree of orientation, as a function of take-up speed or draw ratio, was corre- 
lated with the intensity ratios of the various polarization components. 

The width of the carbonyl band, which is the classicial indicator of the amorphous 
or crystalline character of PET, correlated well with the known degree of crystallinity of 
the samples examined. 

The appearance and increases in intensity of bands due to transglycol conformations 
and the disappearance of the gauche bands with increasing orientation could be followed 
readily. It appears that some of the Raman bands earlier assigned to crystallinity in PET 
actually represent the transconformation of the glycol group as is observed in IR spectra. 
This conclusion is based on the observation that in spin-oriented amorphous materials, the 
transconformation bands increase in intensity is parallel with increasing birefringence. 

A cold-drawn amorphous highly oriented fiber shows these same transconformation bands with 
high intensity. But the width of the carbonyl band in this same fiber confirmed the 
amorphous nature of this sample. 

X-ray diffraction (XRD) studies’ of polyethylene terephthalate (PET) show that in the 
crystalline form, molecular chains are aligned so that the glycol units between aromatic 
rings are in the all-transconformation, the carbonyl units are coplanar with the rings, 
and all aromatic rings are parallel but with each successive unit slightly displaced in a 
direction normal to the ring (Fig. 1). In principle, all C-C and C-0 bonds between the 
aromatic groups allow some rotational freedom which may occur in noncrystalline material. 
Our present understanding of the crystallization process assumes that the ethylene glycol 
units align in the all-transconformation and that the carbonyl groups rotate into the 
aromatic planes. X-ray diffraction can quantify the degree of orientation of crystalline 
material; optical birefringence can measure total orientation,? and that of both amorphous 
and crystalline material. Although it is possible to prepare samples with close to 100% 
uniaxial orientation (the polymer axis almost parallel to the macroscopic axis and no 
orientation order perpendicular to this axis), the most highly crystallized samples are 
only approximately 50% crystalline. Because oriented noncrystalline material cannot be 
studied by XRD, other methods such as birefringence and vibrational spectroscopy have also 
been used to characterize orientational amorphous and crystalline features of PET. ; 

The aim of this project was the study of a series of PET yarn samples of both drawn 
and spin-oriented materials in order to aid in correlation of their structural and morpho- 
logical characteristics with physical properties. 

In this work we have recorded polarized Raman spectra of individual spin-oriented and 
drawn filaments of PET. Systematic comparison of spectra shows the development of orien-. 
tation and crystallization of the polymer. Reliance on band assignments of previous 
authors makes it possible to separate features due to molecular alignment, conformation, 
and crystallization.* It will become clear that the orientation of the polymeric chains 
can be monitored independent of the crystallization, which occurs subsequent to orienta- 
tion in the spin-line. 

The data presented in this work were acquired from single filaments approximately 
20 um diameter) positioned on a microscope stage where the beam waist was 1 um and the 
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depth of focus approximately 10 um. The ability to acquire polarized RMP spectra of 
single filaments has been previously documented.*?® Spectra of various polarization 
combinations from a single spot on a given fiber were acquired and intensity ratios com- 
pared to those of fibers spun under other conditions. Because these measurements were 
not totally analogous to those of earlier workers, the underlying rationale must be 
described explicitly. 


Rationale of Polarized Raman Measurements of Spin-ortented Fibers 


In an oriented system, the laser and Raman polarizations can be aligned along molecu- 
lar/crystalline axes. In such cases it is common for certain asymmetric vibrations to 
have higher intensities for off-diagonal components. In addition, in uniaxial systems the 
diagonal intensities along different directions can be quite different. 

The Z axis of these samples is defined as the macroscopic fiber axis. We define an R 
axis as one of the radial directions (perpendicular to Z). There are three independent 
measurements that can be made on fibers examined radially; the fiber lies on the stage and 
the laser and Raman beams propagate along radial directions. From a single spot ona 
fiber from each sample spectra labeled ZZ, ZR, and RR were acquired. The first letter 
indicates the laser polarization, the second the Raman polarization. 

Two criteria for detecting orientation in spin-oriented and drawn fibers of PET can 
be described. 

Increasing the take-up speed of spin-oriented PET fibers or increasing their draw 
ratio improves the degree to which the polymer axis is aligned along the fiber axis Z. The 
R and Z directions are quite different in weil-oriented fibers, but indistinguishable in 
unoriented samples. Thus the first criterion for orientation is inequivalence of RR and 
ZA spectra of PET. 

The second criterion follows the work of Boerio and Bailey.*® These authors use pola- 
rization measurements of an oriented rod of PET to determine that the only asymmetric type 
vibration observed in their Raman spectrum of PET occurred at 800 cm?. Our second cri- 
terion for orientation is thus a higher intensity of the asymmetric mode such as that at 
800 cm7* in the ZR spectrum rather than in the ZZ or RR spectra. 


Sample Mount 


Individual fibers of PET were examined on a rotating stage of the Raman microprobe. 
The fiber bundles were picked apart slightly before they were mounted on a standard micro- 
scope slide with adhesive tape, with a minimum of tension applied to keep the fibers 
stationary. Viewed on the monitor the fiber could be accurately positioned vertically or 
horizontally. When the sample is mounted on a rotation stage the input laser beam which 
is polarized in the horizontal direction, can be oriented along the fiber axis or perpen- 
dicular to it. The polarization of the Raman light can be chosen to be horizontal or 
vertical, independent of the fiber orientation. 


Samples 


PET fibers were provided by Drs. H. M. Heuvel and R. Huisman of the Enka BV, Research 
Institute, NL-6800 AB Arnhem, The Netherlands. One series of fibers was spun to a yarn 
count of 165 dtex (for 30 filaments) with wind-up velocities of 1500, 2500, 3500, 4500, 
and 5500 m/min. 

A fiber from another set had been spun at a wind-up velocity of 500 m/min and subse- 
quently drawn at a different ratio of 5.0:1 in two steps with pins adjusted to 90 C and 
150 C. 

In addition, we drew at room temperature one of the fibers spun at 1500 m/min to a 
ratio of 2.5:1. 

Heuvel and Huisman provided density measurements and x-ray diffraction evaluation 
(axis dimensions, crystal density of the unit cells, and crystalline orientation factors) 
as described in their publications.° 

In addition Otto Burkhardt (Celanese Research) measured the densities (in a calcium 
nitrate/water column) and Sigrid Ruetsch (Textile Research Institute) obtained the bire- 
fringences data with an interference microscope of these samples. These physical param- 
eters are tabulated in a publication describing this work.* 

The density, unit cell dimensions, crystallinity, birefringence, and crystalline 
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FIG. 1.--Molecular structure of 
polyethylene terphthalate (PET) 
chain when glycol unit is in 
ali-trans conformation and 
packing of those all-trans 
chains in crystalline phase. 
(From C. W. Bunn, in Rowland 
Hill, Ed., Fébers from Synthette 
polymers, New York: Elsevier, 


1953; p. 295, Figs. 11.5 and GLYCOL 
11.6.) 
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FIG. 2.--Polarized Raman spectra between 
600 and 1800 cm"! of single 20m fiber of 
polyethylene terephthalate spin-oriented 
at 1500 m.min. Laser intensity at sam- 
ple, 2.5 mW. Spectra are displayed so 
that relative intensities represent scat- 
tering intensity differences due to po- 
larization differences. ZZ (RR) indicates 
that laser and Raman polarization are 
WAVENUMBER SHIFT parallel (perpendicular) to fiber axis; 
ZR indicates that laser polarization is 
parallel to fiver axis and Raman polari- 
zation 18 perpendicular to it. Differen- 
ces in signal-to-noise ratio arise from 
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orientation factor of the high-temperature drawn sample indicate that the crystallinity of 
this sample is about 30%. For the spin-oriented materials, only the samples with wind-up 
velocities of 4500 and 5500 m/min are crystalline on the basis of x-ray diffraction data; 
the crystalline orientation functions are as high as for the drawn materials, but their 
percentage crystallinity is lower. The overall orientation for the drawn sample is high 
as shown by the high value of the birefringences. The spin-oriented samples show a 
gradual increase in birefringence with take-up velocity to a considerably lower maximum 
value than for drawn fibers. This feature is generally observed in spin-oriented poly- 
ethylene terephthalate fibers’ and indicates considerably lower orientation in the non- 
crystalline regions of this type of PET fiber. Birefringence and XRD of the fiber drawn 
at room temperature showed it to be highly oriented but noncrystalline. 


Results 


Figure 2 presents polarized Raman spectra from a single point in a fiber spun at 1500 
m/min. Spectra from the ZZ, ZR, and RR polarization combinations are presented. The 
vertical intensity scales have been normalized to make comparison of intensities among the 
three scans possible. Absolute intensities were reproducible to 15%. Within this 15% 
variability, the ZZ and RR spectra are indistinguishable. All bands in the ZR spectrum 
except for the 632 and 800 cm’ bands are diminished in intensity; the intensities of 
these bands are comparable to those of the diagonal spectra. 

Figure 3 reproduces similar spectra from a point on a fiber spun at 5500 m/min. In 
this case the RR intensity is significantly reduced relative to that of the ZZ spectrum. 
In the off-diagonal (ZR) spectrum all bands except those at 632 and 800 cm’? show intensi- 
ties lower than those in the ZZ or RR spectra. 

The comparable or stronger intensities of the 632 and 800cm* bands in the ZR spectra 
relative to their intensities in ZZ or RR scans confirm these bands to have Bg, rather 
than Ag, character. 

The intensity ratios of the major bands have been calculated and tabulated in Table 1. 
Since the intensities are considered to be reproducible to +15%, there will be ca. +30% 
uncertainty in the ratios as calculated from these spectra (0.85/1.15 = 0.75, 1.15/0.85 = 
1.35). These numbers are presented as typtcal for a series of scans recorded, not 
necessarily definitive. 

The development of orientation can be monitored by examination of the trends in the 
intensity ratios as a function of take-up speed. For instance, Ipp:Izz of the 1615cm 
band decreases from approximately 1.1 to 0.1 in the series of fibers examined. Other 
bands exhibit similar decreases in Ipp:Izz. As described earlier, the inequivalence of 
the macroscopic Z and R axes is consistent with alignment of the molecular axes during 
spinning and/or drawing. 

Changes in molecular alignment and interchain packing of polymer units can be monitored 
by the appearance and disappearance of several bands. Conformational and/or packing 
changed of the glycol units can be observed in bands in the 900-122cm* range. Spectra 
recorded in this region are shown in Fig. 4. All fibers have well-defined bands at 1120 
and 1175 em’. Fibers spun at low take-up speeds consistently show weak, poorly defined 
features at about 1030 and 11 cm™*+. As the take-up speed is increased, the diffuse band 
at 1030 cm? is replaced by a well-defined, relatively sharp band at 1000 cm™*. (The 
1000em™+ band is highly polarized, appearing only in the ZZ spectrum of "crystalline" 
fibers.) In addition, the shoulder in the 1100cm™* range becomes the most intense, 
sharpest band (1096 cm*) in this region of the spectrum. Both bands have been correlated 
with "crystallinity" in PET. 

Crystallization has also been correlated with the width cf the carbonyl band at 1730 
cm7+. Melveger® showed a correlation between the density of a PET sample and the half 
width of the carbonyl band at 1725-1730 cm™?. 

Figure 5 gives some of the preliminary data of the 1725-1730cm"* band for two samples 
spun at 1500 and 5500 m/min and the room high temperature drawn sample for ZZ = RZ, and RR 
polarizations. The spectra are displayed with Y axis expansions, which give cquivalent 
maximum intensities to each spectrum. The differences in the shape of the carbonyl bands 
represent a multiplicity of conformations, which will have to be analyzed by curve- 
resolving techniques. This is shown most clearly for the amorphous Sample 5, which shows 
three maxima at 1721, 1726, and 1731 cm7?. The crystalline samples have one main peak at 
1725 cm +, but it is clear that the other two components are also present (1730 cm™’ in the 
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ZR and 1721 cm™* in the RR spectra). The half-width data reported here fit Melveger's cor- 
relation with density. 

Full spectra from the fiber drawn at room temperature, below Tg, are presented in 
Fig. 6. These filaments show glycol bands at 1000 and 1096 cm™?. Although previous 
authors have associated these bands with crystalline PET, XRD indicates the sample to be 
amorphous. Also the width at half maximum intensity of the carbonyl band is not appre- 
ciably different from that of the undrawn sample spun at 1500 m/min. However, XRD and 
birefringence are consistent with the high orientation derived from the Raman intensity 
ratios and indicate very good orientation of the polymer chains. 

A comment regarding the band at 1080 cm™* should be made. Careful inspection of the 
spectra of all the fibers reveal a more or less intense shoulder in this region. The 
shoulder is very strong in the room-temperature drawn fiber and is also clearly present in 
the high-temperature drawn fibers and the fiber spin-oriented at 3500 m/min. It is least 
visible in the fiber spin-oriented at 5500 m/min. It is our feeling that this band corre- 
lates with a transglycol unit in the amorphous phase. 


Diseusston 


Ortentation vs Crystallization. Previous investigations of the Raman spectra of PET 
and perhaps other polyesters either dealt with amorphous or crystalline (semicrystalline) 
unoriented materials or they dealt with oriented materials which because of their method 
of preparation (drawing above Tg) of necessity were crystalline. The Raman spectrum of an 
oriented, noncrystalline material does not seem to have been investigated in detail. 

Implicit in most previous Raman studies of oriented PET is the coupling of orientation 
and crystallization. This coupling is due to the fact that preparation of the materials 
used by these authors, be it fiber or film, involved orientation by drawing of the unori- 
ented material at or above the glass transition temperature T , and therefore simultane- 
ously produced crystallization. In these drawing processes, the degree of orientation can 
be obviously changed by adjustment of the draw ratio, and the crystallinity can be 
modified by changing the drawing temperature, the number of drawing steps, and the 
annealing conditions of the drawn product. Normally this drawing process leads to samples 
in which orientation and crystallization occur simultaneously. 

In contrast, the spin-orientation process can lead to materials with a range of orien- 
tations: some of the fibers are amorphous, others partially crystalline (as determined 
by wide-angle x-ray diffraction methods), depending on spinning conditions (yarn take-up, 
spin stress, extrusion temperature, polymer molecular weight, etc.). Thus, for example, 
some PET yarns spun by this method in a range of take-up speeds between 1500 to 3500 m/min 
(so-called POY materials: Partially Oriented Yarns) show increasing orientation but are 
all amorphous. Yarns spun at or above 400 m/min take-up speed (4000-10 000 m/min) are 
usually crystalline and have highly oriented crystalline areas. Again, the amount of 
crystalline material depends on spinning and annealing conditions. 


Conformatton of the Glycol Unit. In the noncrystalline state, the coplanarity and 
transconformation of the carbonyl groups is not required and the gauche conformation in 
the glycol unit is prevalent. However, some transconformation of this unit seems to be 
present even in unoriented amorphous PET (approximately 10%). Thus it is essential to be 
able to differentiate transconformations in various environments--i.e., in the amorphous 
or in the crystalline regions. 

The Raman peaks measured between 900 and 1220 cm“ correlate with conformational 
changes and interchain effects rather than amorphous-crystalline differences. Both the 
1000 and 1096 cm-* bands appear in the spectrum of the amorphous sample spin-oriented at 
3500 m/min. In the other spectra their intensities increase with take-up speeds. Their 
intensities are also quite clear in the spectrum of the 1500 m/min fiber drawn at room 
temperature. The behavior of the 1030 cm? band fits assignment to a gauche structure of 
the glycol group; its replacement by a band at 1000 cm™* in the trans form is also consis- 
tent with the polarization orientation behavior. Extended polyester chains requtre the 
transconformation in the glycol units. Our data show the 100 cm? band only in ZZ spectra 
of oriented fibers. The 1030 cm™+ band, however, appears in ZZ as well as RR traces. In 
addition the amorphous trans Raman band at 1080 cm™* appears only in amorphous oriented 
PET. Taken together these observations imply simultaneous occurrence of the transconfor- 
mation and chain orientation. 
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FIG. 4.--ZZ component of Raman spectra 
between 950 and 1220 cm} of five sam- 
ples spin-oriented with take-up speeds 
(TUS) of 1500, 2500, 3500, 4500, and 

5500 m/min, and two drawn samples. Spec- 


trum at top of figure was recorded from > 
fiber spin-oriented at 500 m/min and bea 500 m/min 
drawn 5x over pins held at 90 and Sx drawn 
150 C; spectrum at bottom of figure, 
from fiber spin-oriented at 1500 m/min a s5C0n/min 
and drawn 2.5x at room temperature. > 
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These data were collected with 1 point/cm ! and 300um slits (optical resolution ca. 
3 cm-}). 
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FIG. 6.--Polarized Raman spectra bet- 
ween 600 and 1800 cm! of single fiber 
spin-oriented at 1500 m/min and drawn 
5x at room temperature. Laser inten- 
sity at sample, 4 mW. All other com- 
ments in Fig. 2 apply. 


S500 m/min TUS 


>= 
i 
cml 
2 
ii 
f= 
z 
feed 
z 
<x 
= 
< 
ar 
ZZ 
ZR 
om see RR 
1680 1700 1720 1740 1760 
WAVENUMBER SHIFT 
(b) 
FIG. 5.--Polarized Raman spectra in carbonyl re- 
gion. All spectra were displayed with bands fully 
expanded in Y direction. Fibers oriented at (a) 
1500, (b) 5500, (c) 500 m/min, and drawn 5x at 
90 and 150 C. 
_ 
= POLYETHYLENE TEREPHTHALATE FIBER 
E SPUN AT 1500 m/min 
em DRAWN AT RT. 
= 
a 


ZZ 


ZR 


RR 


750 


1000 1250 1500 1750 


WAVENUMBER SHIFT 


48 


J. T. Armstrong, Ed., Microbeam Analysis—1985 
Copyright © 1985 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


APPLICATIONS OF RAMAN MICROPROBE SPECTROSCOPY IN ORGANOMETALLIC CHEMISTRY 


P. D. Harvey and I. S. Butler 


Two of the most important features of the rapidly developing technique of Raman microprobe 
(or microRaman) spectroscopy are the small sample areas (<50 um?) that can be routinely 
examined and the very low laser powers needed for sample excitation owing to the high col- 


lection efficiency of the microscopic optics employed. 


Laser-induced thermal damage to 


samples can almost always be avoided and Raman spectra can now be obtained for compounds 
earlier considered totally unsuitable to the technique. 

Transition metal organometallic compounds are well known to chemists as being air- and 
light-sensitive materials, many of which have important industrial applications, e.g., as 
catalysts, fuel additives, electrode coatings, biological markers, reagents in organic syn- 


thesis, etc.? 


In the work described here, the Raman microprobe spectra of some typical 


organometallic systems, which were available only in milligram quantities, were examined in 
an attempt to gauge the potential of the technique as another structural method available 


to scientists working in the field. 


Several different systems were selected for analysis: 


Rez (CO)39_n (CNR), (R = alkyl, 


aryl; n = 0-4), (n°-CsH,R) (n°CsH,R')Fe, (n°-Arene)Cr(CO)., Cp2ME, (Cp = n°-CsHs; M = Ti, 


Zr, Hf, etc.; E = S, Se; x = 2-5), and [(n’-C,H,)Mo(CO);]* BF,~. 


of these compounds are shown in Fig. l. 
important class of metal-metal bonded molecules 
known as "metal clusters" that are currently 
considered as good models for metal surfaces 
during catalysis. We were particularly inter- 
ested in ascertaining the effects on the vibra- 
tional spectra of sequential CO group replace- 
ment by the more strongly bonding isonitrile 
ligands (CNR) and whether these perturbations 
had any structural-prediction utility. The 
derivatives of the famous 'sandwich" molecule, 
ferrocene (Cp,Fe), may find use as coatings 

for electrodes and as polymer-supported cata- 
lysts. The metal polysulfane and polyselenane 
complexes are interesting mlecules for probing 
the properties of chalcogen rings of differing 
sizes and their relationship to the parent 
molecules, Sg and Seg. Finally, the metal 
tricarbonyl complexes are members of the 
"piano-stool" family of molecules, many of 
which are proving extremely useful as catalysts 
(e.g., for hydrogenation) in organic syntheses. 


Experimental 


The Raman spectra were recorded for samples 
sealed in Pyrex glass capillaries on an 
Instruments SA Raman microprobe spectrometer 
equipped with a U-1000, 1.0-m double mono- 
chromator, a Columbia Data Products minicom- 
puter, and a 32x long-range microscope objec- 
tive. With this system, multiscanning was 


straightforward and high-quality data were obtained in almost every case. 


Some of the structures 


The rhenium compounds are prototypes of an 
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c Fy R’ Fe 
to) 
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CH,CO(C,H,) COCH,\C,H,) 
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FIG. 1.--Structure of transition metal 
organometallic complexes investigated 
in this work. 


A Spectra 


Physics Model 164 argon-ion laser (5 W) was used as the excitation source, usually the 


514.5nm green line, with typically about 20 mW laser power at the samples. 


In the case of 
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FIG, 2.~--Raman microprobe spectra of solid rhenium carbonyl-t-butylisonitrile 
complexes in 2250-1850 cm? region: (a) Re, (CO),,, (b) Re, (CO) 9 [CN(t-Bu)], (c) Re. 
Rez (CO), [CN(t-Bu)]2, (d) Re,(CO),[CN(t-Bu)],. Spectral conditions: 514.5nm 
excitation (20 mW at sample), 300umslits, 2 scans (4 s point™*, 1 cm? steps), 
32x magnification. 


the ferrocene derivatives, however, laser powers of 0.5 mW had to be used to avoid sample 
burning but satisfactory spectra could still be obtained. Such low laser powers would 
have been completely impractical in conventional Raman measurements. 


Conelustons 


As an illustration of the sort of information obtained from our Raman microprobe inves- 
tigations of organometallic complexes, some of the results for two of the series of com- 
plexes are presented below. 
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FIG. 3.--Raman micro- 
probe spectra of 
solid zirconium and 
hafnium pentaselenido 
complexes in 600- 
50cm7* region. Spec- } 
tral conditions: 
514.5nm excitation : 
30 mW at samples), ay ——— 
£00um slits, Bscans 900 400 300 200 100 
(1 s point7? 1 cm 


steps), 32x magnifi- WAVENUMBERS 


cation. 


1. The effect of sequential CO replacement in Re,(CO)io by CN(t-Bu) groups is shown 
dramatically by the changes in the v(CO) region of the spectra shown in Fig. 2. The soli- 
tary peak at about 2130 em’? in Rez (CO), 4” steadily decreases upon isonitrile substitution 
to around 2040 cm™? and it is clear that the position of this peak can be used as an indi- 
cator of the extent of CO replacement by CN(t-Bu) liganda. Similar results are obtained 
for the other isonitrile ligands investigated. 

2. Little information is available in the literature on the effect of ring size in 
polysulfanes on the S-S stretching modes and on the location of the Se-Se and M-Se 
stretching modes in metal-selenido chelate complexes. From our work, the symmetric S-S 
stretching mode in the Cp,MS, complexes decreases monotonically in energy from 530-470 cm™ 
upon increase of the ring size from MS, to Ms., and the Se-Se and M-Se stretching funda- 
mentals in the analogous polyselenanes appear around 250 cm™* (Fig. 3). 

In conclusion, our study has shown, for the first time, that Raman microprobe spectros- 
copy shows considerable promise for obtaining structural data on organometallic compounds 
previously thought to be totally unsuitable for Raman measurements. Such studies will 
doubtless become more common in the future. 
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RAMAN MICROPROBE STUDY OF CHANGES INDUCED BY A PULSED LASER 
F, Adar, I. H. Campbell, and P. M. Fauchet 


The behavior of solids under pulsed laser illumination is of interest to researches in 
various fields, including laser processing of semiconducting materials’ and laser-induced 
damage to optical materials.* One topic of special interest is the understanding and 
characterization of the subtle subthreshold effects that occur during repeated illumina- 
tion by laser pulses below the single-shot damage threshold which eventually lead to 
irreversible transformations of solid surfaces.3 Due to the lack of nondestructive, 
quantitative probes that can be used in situ, our understanding of these mechanisms has 
been very limited. We show here that the Raman microprobe is a sensitive detector probe 
of the structural changes produced by single or repeated illumination of thin films with 
laser pulses below and above single-shot damage threshold. Our results to date have been 
obtained primarily with silicon thin films since the effects of stress and microcrystal- 
linity in these films have been well characterized; however, similar results should be 
obtainable with other materials as well. 


Experimental 


In the experiments reported here, the damaging beam is produced by a modelocked Nd:YAG 
laser. The laser is fired at a 10Hz repetition rate; each shot is in fact composed of 
approximately 20 individual modelocked pulses, each pulse lasting approximately 100 ps, 
under a 100ns envelope. The experiments discussed below were all performed at 1.064 um. 
The laser beam is focused to a spot approximately 150 um on the sample, where the beam 
profile is Gaussian. The intensity of the beam is controlled with a half-wave plate 
followed by a polarizer. The pulse energy, monitored by a photodiode on a shot-to-shot 
basis, is constant to better than + 10%. A predetermined number of identical pulses is 
incident on one area of the sample; the sample is then translated and another area is 
illuminated with a different number of identical pulses. The number of pulses varies from 
1 to more than 1000. The sequence is then repeated with a different pulse intensity. The 
Raman Stokes line at various locations in and around the illuminated area is then recorded 
with a Ramanor U-1000 double-grating spectrometer optically and mechanically coupled to a 
research grade otpical microscope. Spatial resolution of 1 um is achieved with objectives 
whose numerical apertures are 0.75 or greater. As shown in Fig. 1, the Raman spectra were 
collected reproducibly to +0.1 cm™+. The spectral resolution is routinely set at approxi- 
mately 3 cm™+ and the spectra discussed below consist of points spaced by 0.1 or 0.2 cm™?+ 
taken with 1-4 s exposure times. The laser power is kept at or below 3 mW at the sample 
to avoid broadening and shifting of the Stokes line of silicon. The samples discussed here 
are 1 m thick films of silicon on insulator (SOI), grown at 625 C by low-pressure chemical 
vapor deposition. These films are expected to be polycrystalline and under tensile stress 
because of the difference in thermal expansion cocfficients between silicon and fused 
quartz. 


Results and Discusston 


In a first set of experiments, we exposed the selected areas of an SOI sample to a 
single shot of variable intensity in order to determine the single-shot damage threshold. 
At threshold, damage occurs as a few randomly distributed worm-like features, 1 to 2 um in 
size. High-resolution Nomarski optical microscopy is used to observe the surface. These 
highly localized damaged areas are thought to be associated with local imperfections in 
the material. Well above threshold, single-shot damage is accompanied with melting and/or 
vaporization of the illuminated area." At threshold, melting and vaporization occurs only 
at selected sites. In Fig. 2, we show the resolution of the Stokes line as the focused 
Raman probe beam moves away from the center of one of these worm-like damage sites. Though 


Author Adar is at Instruments SA, Inc., 173 Essex Avenue, Metuchen, NJ 08840; authors 
Campbell and Fauchet are at Princeton University, Princeton, NJ 08540. The aid of Dr. N. 
Johnson (who provided the SOI samples) and Dr. C. Paddock's technical assistance are 
gratefully acknowledged. 
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FIG. 1.--Three identical scans of Raman phonon of single crystal silicon recorded with 
O.lem™* intervals. 


the Stokes line of the virgin SOI is broad, asymmetric and down-shifted by less than 
2 cm! from the Stokes line of unstressed, single-crystal silicon, it gradually sharpens, 
becomes more symmetric, and moves towards a smaller Stokes shift as the probe beam moves 
away from the damage site. High-resolution Nomarski microscopy identifies the damage site 
but does not allow us to observe the gradual modification of the structural properties of 
the SOI away from the worm-like feature. These spectra also exhibit a shoulder at about 
490 cm™?, which disappears close to the damage site. We associate this shoulder with some 
amorphous material°® which is present in the virgin film. After melting and recrystalliza- 
tion, the material becomes entirely crystalline. The size of the grains increases dramati- 
cally as indicated by the symmetry of the line.® However, a large tensile stress remains 
(approximately 10*° dynes/cm?) and the line is broader than that of crystalline silicon. 
The stress dependence of the Raman band has been characterized by Anastassakis et al.’ and 
used to map local strain in SOI.°~** A hypothesis to explain our observations is as 
follows: the initial material, which is composed of many tiny microcrystallites separated 
by amorphous-like highly distorted boundary regions, is not expected to be as dense as 
single crystal silicon. However, the damaged material, which regrows as one or a few 
large grains, is under large tensile stress with respect to the neighboring material. 
Structural changes produced by multiple pulse illumination below damage threshold were 
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FIG. 2.--Stokes Raman line of silicon (a) at 
center of micron-size damage feature, (b) on the 
edge, (c)-(e) %3, v6, and 3 um array, and 
(f) Stokes line of virgin SOI. From (a) to (f), 
line shifts, widens, and becomes asymmetric. 
Note amorphous shoulder at 450 cm7+, 
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subsequently investigated. After 600 
shots at 2/3 of threshold, the sample 
is damaged. Figure 3 shows the peak 
frequency of the Stokes line as a func- 
tion of radial distance from the center 
of a damaged area. Inside the damaged 
area, Wy 1s down-shifted by approxi- 
mately 2 cm’ compared to that of the 
virgin SOI. At the boundary between 
damaged and undamaged regions, deter- 
mined by optical microscopy, w 9 is dis- 
continuous. However, only when regions 
approximately 20 um from the boundary 
of the damaged region were probed was a 
spectrum comparable to SOI recorded. A 
similar plot (Fig. 4) of the full-width 
half maximum vs the asymmetry I',/Th, 
implies that the stress extends approx- 
imately 20 um beyond the damaged area 
in the microcrystalline region. In the 
damaged region, the stress is observed 
to be heterogeneous. Close to the 
center, where the intensity is largest, 
the surface is very distorted; the 
strain of protruding regions should be 
smaller because of the existence of a 
large free surface, in agreement with 
the increase of wo. 

In Fig. 4, we plot a small fraction 
of our data, together with the result of 
a calculation where the increased asym- 
metry and full width at half maximum of 
the Stokes line of silicon is produced 
by microcrystallites of decreasing 
sizes. In that calculation, the finite 
microcrystallite size AX causes an 
uncertainty in the phonon wavevector 
Aq approximately equal to 1/Ax.°® For 
very small size crystallites (100 A), 
Aq becomes so large that contributions 
from optic phonons away from the center 
of the Brillouin zone must be included. 
Since the phonon frequency in silicon 
decreases for increasing wave vector, 
the resulting peak shifts to lower 
frequency and the line broadens. The 
asymmetry is brought about by the 
weighting factor of phonons with dif- 
ferent wave vectors. Although the 
trend is similar for theory and experi- 
ments, there is a large quantitative 
discrepancy, which is explained by the 
presence of a large heterogeneous 
stress. A quantitative determination 
of stress and microcrystallite size is 
under way but is complicated by the 
possible stress variation from micro- 
stallite to microcrystallite. 


(em) 


DISTANCE. (microns) os to il L2 3 t4 LS LE LL? 18 
fy /Tp 
FIG. 3.--Peak frequency of Stokes line FIG. 4.--Measured full-width half maximum IT and 
in and outside damaged area after symmetry l'3/Tp (where Tg is half width on low- 
peated illumination below threshold. frequency side and I, is half width on high- 
The uncertainty on w, is less than frequency side) for virgin SOI (0), at various 
+0.2 cm™?. locations in an area illuminated with 600 


pulses at half the threshold (e), and for the 
first five spectra shown in Fig. 2 (@). Curve 
results from a calculation in which increase in 
T and T,/Tp is produced by decrease in micro- 
crystallic size. 


Coneluston 


We have shown that micro-Raman scattering is an excellent prove of the structural 
change produced by one or many laser pulses. Variations not detected by high-resolution 
Nomarski microscopy are clearly observed with the Raman microprobe. We are at present 
developing a model that will quantitatively explain our results and are continuing experi- 
ments on samples exposed to multiple shots at power densities well below single shot 
power levels for damage threshold. 
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THE USE OF THE RAMAN MICROPROBE FOR FAILURE ANALYSIS OF OIL FIELD DRILL PIPE 
F. Purcell and R. Heidersbach 


The Raman microprobe is earning itself a unique position in the arsenal of techniques for 
metallurgical failure analysis.’’* A natural complement to standard elemental methods, 
micro-Raman spectroscopy can provide detailed molecular and structural information from 
microscopic particles. 

Corrosion of metal surfaces involves complex reactions between the surface material 
and the surrounding environment. If unchecked, these reactions ultimately lead to metal- 
lurgical failure. Efforts to control corrosion (including the development of new alloys, 
protective coatings, and chemical inhibitors) require an understanding of the particular 
interactions between a material and its environment. Critical information about the 
corrosion process can be inferred from examination of the reaction products on the cor- 
roded surface. 

Accurate determination of corrosion reaction products usually requires a combination 
of analytical techniques. Elements on the corroded surface can be identified with a 
scanning electron microscope and energy-dispersive x-ray spectrometer (SEM-EDXS) or with 
other surface techniques such as secondary ion mass spectroscopy (SIMS), Auger electron 
spectroscopy (AES), or electron spectroscopy for chemical analysis (ESCA). However, 
these elemental techniques provide limited information about the structure of the com- 
pounds formed by the identified elements.* Molecular information is essential for com- 
plete characterization of corrosion samples. X-ray diffraction provides structural 
information about crystalline materials, but amorphous compounds, which are frequently 
found on corroded metal surfaces, cannot be detected by this method. 

Micro-Raman spectroscopy is proving to be an excellent technique for identifying 
corrosion compounds on metal surfaces. Raman spectra can distinguish between similar 
compounds (between two iron oxides, for example) and between different geometrical forms 
of the same compound. The Raman microprobe yields structural information for crystal- 
line and amorphous samples; in fact, Raman spectra can provide information about the 
degree of crystallinity of a material. Moreover, micro-Raman spectroscopy is an inher- 
ently nondestructive technique that can be applied to microscopic particles. Because 
Raman spectra can be obtained im sttu, corrosion product alteration can be minimized. 

The results of a preliminary investigation of corrosion products from oil-field drill 
pipes illustrate the capability of the Raman microprobe for corrosion analysis. 0O1il- 
field drill pipe is subjected to a harsh combination of corrosion and fatigue loading 
environments, and the consequences of metal failure in the pipe are costly. Various pro- 
prietary corrosion inhibitors can be added to the drilling mud to prevent corrosion 
fatigue of the drill pipe. To evaluate the relative effectiveness of various chemical 
inhibitors, corrosion-monitoring rings are placed in the joints of the drill pipe with 
their inside surfaces exposed to the drilling mud. 

This paper presents the results of a surface analysis performed with a Raman micro- 
probe on corrosion-monitoring rings from various oil drilling sites. The identity of 
the minerals on the surface may help to determine why some corrosion inhibitors are 
more effective than others. 


The Raman Mtecroprobe 


The Raman microprobe, a relatively new variation of the commercial laser-Raman 
system, consists of a laser source, a microscope/illuminator for focusing the laser onto 
the sample, a spectrometer for analyzing the light scattered by the sample, and the 
necessary optics to couple the microscope to the spectrometer. With the sample posi- 
tioned on the microscope stage, the excitation beam is focused onto the sample with a 
spot size of approximately 1 um. The scattered radiation is collected back through the 
microscope objective and focused onto the entrance slit of the spectrometer. 


The authors are at SPEX Industries, 3880 Park Avenue, Edison, N. J. 
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FIG. 1.--Micro-Raman spectrum of corroded region on one drill pipe ring, attributed to 
a-FeOOH. 
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FIG. 2.~-Micro-Raman spectrum of Fe,0, from black deposit on another drill-pipe 
corrosion ring. 
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Experimental 


Small sections of six corrosion-monitoring rings from oil-field drill pipes were 
obtained for analysis with the Raman microprobe. The inside surfaces of the rings 
exhibited varying degrees of corrosion. 

Analysis was performed on a SPEX RAMALOG micro-Raman instrument system. (An optical 
diagram of the system appears elsewhere.*) Each ring sample was positioned on the micro- 
scope stage to permit spot analysis of the inside surface. A TV camera and viewing 
screen were used to locate corrosion features. A 4W Coherent argon ion laser (Innova-70) 
with laser line at 514.5 nm was then focused on the spot of interest using a 40x 
objective. 


Results and Discusston 


Preliminary results from a micro-Raman analysis of the corrosion rings indicate the 
presence of various iron oxides. The bands in general are broad compared to pure oxide 
spectra, suggesting a mixture of components. 

The Raman spectra for the drill-pipe samples exhibit some similarities to those 
obtained in the weathering steel study, in spite of differences in surface composition 
and environmental conditions. (The weathering steel, a structural steel much lower in 
carbon than the steel used in the drill pipes, was exposed to simulated atmospheric 
weathering.) Amorphous Fe30y was found on the surface of both the drill pipe and 
weathering steel samples. However, the difference in structural forms of FeOOH on the two 
sample types suggests a possible difference in the corrosion mechanisms. The Fe30, and 
y-FeQOH found together on one of the weathering steel samples could be different stages of 
a single process, since the gamma form of FeOOH reduces to Fe,0,; but because u-FeOOH is 
not reducible to Fe,0,, the determination of both of these compounds on the drill-pipe 
rings suggests that probably at least two different mechanisms were involved in the drill 
pipe corrosion. 

The simplicity of Raman spectra of iron oxides permits determination of mixtures of 
oxides like those found on the drill pipe rings. Even amorphous compounds such as Fe30, 
are readily identified. The relative narrowness of Raman bands compared to the broad over- 
lapping bands of infrared spectra aids in the rapid identification of individual com- 
pounds of a mixture. Superior spatial resolution of the Raman microprobe, on the order of 
1 um with a 40x objective, makes it possible to distinguish positional variations in the 
composition of a corrosion film. 


Conelustons 


Results from this study suggest that the Raman microprobe can provide significant 
information about corrosion reaction products on metal surfaces. Such information is 
valuable in studies of corrosion mechanisms and ultimately in the development of effective 
corrosion inhibitors. 

Among the capabilities that make the Raman microprobe ideal for corrosion analysis are 
the following: 


® permits nondestructive, tn sttu analysis, with no vacuum 
@ provides molecular and structural information 

® can be used to identify amorphous or crystalline material 
@ allow spatial resolution of individual features to 1 um 
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APPLICATION OF SYNERGISTIC MICROANALYSIS TECHNIQUES TO THE STUDY OF A 
POSSIBLE NEW MINERAL CONTAINING LIGHT ELEMENTS 


E. S. Etz, D. E. Newbury, P. J. Dunn, and J. D. Grice 


The analysis of samples containing light elements (atomic number < 11) presents consider- 
able difficulties to conventional electron probe microanalysis. Although x-ray spectra 
can be measured for elements with atomic number as low as 5 (boron), the sensitivity of 
detection for the light elements is significantly poorer than that for heavier elements. 
The energy of the characteristic x rays of the light elements is low, so that the specimen 
self-absorption is extremely high. A further consequence of the high absorption is that a 
large uncertainty arises in the accuracy of quantitative analysis for the light elements. 
In particular, it becomes very difficult to assess the stoichiometric relationships among 
the constituents of the sample. 

The development of analytical techniques complementary to conventional electron probe 
microanalysis has presented the analyst with new methods of attacking the problem of light- 
element analysis, and in particular the question of the stoichiometric relationships. In 
a study of a possible candidate for a new mineral, an opportunity arose to apply two of 
these techniques, secondary ion mass spectrometry (SIMS) and laser Raman microanalysis 
(LRM), to the analysis of the light-element fraction. 


Experimental Procedures 


Electron probe microanalysis (EPMA) of a potentially new mineral species from Evans- 
Lou Mine near Wakefield, Quebec, revealed only the presence of yttrium as a major consti- 
tuent in the sample, with minor amounts of calcium and rare earth elements (Table 1). The 
low total obtained with EPMA inevitably suggested the possible presence of light elements, 
presumably including oxygen. Carbon might also be present, based upon the environment in 
which the specimen was found, which included tengerite, a hydrated calcium yttrium carbo- 
nate. Studies of the optical properties of the mineral also suggested the possibility of 
a carbonate-bearing phase. It was therefore decided to examine the specimen for light 
elements by SIMS, which has complete coverage of the periodic table and adequate sensitiv- 
ity of the light elements; and further, to attempt to deduce the stoichiometry of the 
sample by LRM, which can directly detect molecular species. 


TABLE 1.--Electron-probe analysis of possible new mineral species. (Total of analysis: 
48.7 wt.%.) 


Oxide Weight Percent Oxide Weight Percent 
Y,05 35.3 Ho,05 2.7 
Ce,0; 0.8 Sm,03 1.2 
Nd,0, 1.3 Gd,0,; 535 
Dy,0, 3.7 CaO 0.4 


SIMS Analysts 


The specimen was analyzed in an ion microscope, a spatially resolved SIMS instrument, 
both in the form of a polished section and in the form of particles. A primary beam of 
negative oxygen ions at an effective energy at the sample of 5.5 keV was employed for 
sputtering. Secondary-ion signals were collected from apertured areas 60 and 20 um in 
diameter. The technique of energy filtcring was used to reduce the amount of molecular 
ions in the spectrum. An example of the resulting SIMS spectrum is shown in Fig. 1. In 
addition to the major yttrium and minor calcium and rare earth elements detected with the 
electron microprobe, the SIMS spectrum also reveals the presence of boron and carbon in 


Authors Etz and Newbury are with the Center for Analytical Chemistry, National Bureau 
of Standards, Gaithersburg, MD 20899; author Dunn is with the Department of Mineral Sci- 
ences, Smithsonian Institution, Washington, DC 20560; author Grice is with the Division of 
Mineral Sciences, National Museum of Natural Sciences, Ottawa, Ont., Canada K1A OM8. 
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the sample. The observed oxygen sig- 
nal arises at least in part from the 
oxygen implanted by the primary ion 
beam. 


LRM Analysis 


Laser-Raman microanalysis (LRM) 


6 " was performed on the candidate new 
AEE © Beam, 14:5keV mineral and on a series of reference 

e Tb Ho Y-mineral samples that had some relation to the 
41 ce Gd OY & yb 


presumed molecular composition of the 
unknown mineral. The choice of appro- 
priate standards for spectral charac- 
terization was governed by results 
from x-ray crystal structure determin- 
FIG. 1.--SIMS spectrum of candidate new yttrium- ations of the yttrium/boron/carbon 
bearing mineral. (Y/B/C) mineral, which indicated the 

possible presence of tetrahedral bor- 
ate species in addition to the carbonate ion. Based on these findings, it seemed appro- 
priate to examine the spectra of yttrium borates and carbonates and of several natural 
minerals containing both borate and carbonate species. Thus, spectra were acquired of 
yttrium oxide, Y,0,; yttrium carbonate, Y,(C0,)3°3H,0; and a stoichiometric solid phase of 
yttrium borate, YBO,. The mineral samples studied include the following natural borates, 
carboborates, and borates containing other species as a second anion: 


LogI jpr Sm Eu 


150 200 250 


Colemanite, Ca,B,0,, °5H,0 

Canavesite, Mg, (CO;) (HBO) *5H,0 
Gaudefroyite, Ca,MN;_x3+(BO;)5(CO3) (0,0H) 5 
Cahnite, Ca,[B(OH),][As0O,] 

Seamanite, Mn,?*(OH),[B(OH),,] [PO, ] 


The structural diversity and complexity of borate minerals is apparent from the suite 
of samples examined in this work. Even with the best data on elemental composition, it is 
often difficult to elucidate the relationships pertaining to mineral chemistry and struc- 
ture. 

Vibrational spectroscopy, especially infrared, has been extensively used for the struc- 
tural and molecular characterization of minerals.*~* Yet, Raman data on borate minerals are 
quite sparse. For minerals with several molcular groupings, a general assumption is that 
the spectra are made up of a set of internal modes of each of the molecular units (e.g., 
CO;2-, BO,%~, SO,2~, H,0) in the crystal, plus a set of lattice modes characteristic of 
individual crystal structures. The spectra of borate minerals show great variety and com- 
plexity, arising from the many possible anions that these materials may contain.’ They 
contain either 3- or 4-coordinated boron resulting in trigonal or tetrahedral coordination, 
or both. Furthermore, in these minerals polynuclear ions can be formed from these coordin- 
ation polyhedra, as well as poly-ions of hydrated borates. Among the many possible groups 
of atoms or species that indicate this structural diversity are BO;°~, (B;0,)%~, BO,°~, 
and B(OH), , and each vibrating unit has its distinct vibrational spectrum. The measure- 
ments described here seek to clarify these implicit structural relationships: first, to 
distinguish between 3- or 4-coordinated boron; second, to establish whether the oxygen 
atoms around boron exist as part of hydroxyl groups or as bare oxygen; and third, to obtain 
information about the presence of discrete water molecules. 

The Raman spectra were acquired with the laser-Raman microprobe developed at the 
National Bureau of Standards."~* The instrument employs a scanning double monochromator 
with cooled photomultiplier tube detection and signal processing by photon counting. The 
microprobe has been fully automated and uses a computer. In previous work, the instru- 
ment has been applied in a similar fashion to the characterization of biological minerals 
in calcified tissues.° 

All spectra were excited with the 514.5nm iine of an argon-krypton laser. No serious 
spectral interferences due to the potential fluorescence of such samples were encountered 
for any of the mineral specimens. Irradiance levels, directed at the sample in a beam 
spot 10 um in diameter, ranged from 20 to 50 kW/cm?. All spectra were recorded with 
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FIG. 2.--Micro-Raman spectrum of yttrium carbonate. 
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Mg,{CO3}(HBO,)}5H,0 


FIG. 3.--Raman spectra of microscopic fragments of 
three natural minerals: {(a) candidate new yttrium- 
bearing mineral analyzed on a sapphire (S) sub- 
strate, (b) borate/arsenate mineral cahnite, 

({c) carboborate mineral canavesite. 
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Sem* resolution. They were obtained either from polished sections of the mineral embedded 
in epoxy, or from microscopic (10-30 um) fragments or crystallites sampled from the bulk 
and analyzed on either lithium fluoride or sapphire substrates. The spectra are presented 
in a uniform format. The region from 1800 to 3000 cm™* has been deleted since no prominent 
spectral features were observed in this frequency domain. 

The initial assumption, that the unknown mineral might consist largely of an impure 
phase of yttrium carbonate, can be ruled out by comparison of the spectrum of yttrium carb- 
onate hydrate (Fig. 2) with the spectrum of the unknown mineral (Fig. 3a). Raman data have 
not been reported for any of the rare earth carbonates, though these compounds (some anhy- 
drous and others as hydrates) have been studied by infrared and their spectra correlated 
with structure.°’7?® Aside from several well-defined lattice modes in the low-frequency 
region, the prominent feature in the spectrum of the carbonate is the complex band cen- 
tered around 1080 cm’ appearing as a triplet (1046, 1072, 1106 cm '). This feature is 
attributed to the symmetric stretching mode (v,) of the carbonate ion. In other particle 
spectra of this compound, the relative intensities of these three components vary. The 
same is true for the carbonate bands (v, modes, in-plane bending motions) in the 700- 

800 cm™* region, which consist of a more or less well-resolved triplet (717, 757, 783 cm™+). 
The group of weak and broad bands in the region from 1250 to 1700 cm™* includes the carbo- 
nate asymmetric stretching vibrations (v,; modes) expected around 1400 cm? for yttrium 
carbonate.’ The weak, broad band between 3000 and 3400 cm? is indicative of OH stretching 
modes associated with waters of hydration. The spectrum of the unknown Y/B/C mineral has as 
its prominent features several lattice modes; a medium-intensity doublet centered around 

765 cm +; and a strong, sharp band with peak at 1124 cm™* (v, carbonate). Other Raman 
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modes due to carbonate, though much weaker, can be identified as well. The assignment of 
certain bands to fundamental modes of the CO,;?” ion leaves several other features unac- 
counted for; they must be considered as arising from scattering by a second vibrational 
grouping and possibly also hydroxyl species. Since SIMS analysis reveals the presence of 
boron as a major element, it is reasonable to examine the spectrum for scattering contri- 
butions by borate species. To that effect, the spectra of two other complex borates are 
examined here. One is the spectrum of cahnite (Fig. 3b) and the other is that of canave- 
site (Fig. 3c). Cahnite is a natural mineral containing the tetrahydroxoborate group, 
B(OH), , and the arsenate ion, AsQ,*~. It is one of only a few complex mineral borates for 
which Raman and infrared data have been reported.? In the micro-Raman study of this mine- 
ral, the expected vibrations of the tetrahedral B(OH), grouping are observed at 378/ 

397 cm* (v, modes), at 542/551 cm™* (v4 modes), and at 757 cm’ attributed to the v, 
stretching mode. The adjacent 788 cm7? band 1s not a fundamental B(OH),” mode. The 
grouping of weak bands in the region 900-1000 cm™* is assigned to the vz modes of the tet- 
rahedral ion.’ Other bands in the spectrum of cahnite arise from fundamentals of the ar- 
senate ion and vibrations of the OH groups. The frequencies of the AsO,3~ ion are observed 
in the spectrum as the strong v, mode at 845 cm™+, at 272/290 and 448 cm* (vz modes), at 
323 and 788/843 cm™+ (v, modes), and at 419/448 cm™* (v, modes). Cahnite is nonhydrated, 
so that the band centered at 3162 cm™* is attributed to OH-stretching of the B(OH),~ ion. 

Further examination of the spectrum (Fig. 3a) of the unknown mineral in light of the 
band assignments for B(OH), in cahnite reveals sufficient spectral similarities to suggest 
the existence of tetrahydroxoborate species in this specimen. Thus, the weak features at 
1385 cm +, the band at 758 cm *, and the weak features around 925 cm! are in the correct 
frequency regions for B(OH), , by analogy with the spectra of borate minerals of this 
type. 

Canavesite is a recently discovered mineral and has not yet been characterized by vibra- 
tional spectroscopy. Its chemical composition is that of a carboborate of 1:1 carbon-to- 
boron ratio. The mineral is fibrous; the spectrum of a typical microscopic fiber is shown 
in Fig. 3(c}). Bands due to carbonate vibrations appear at the expected frequency shifts. 
Most prominent is the carbonate band at 1106 cm™+ (v,). Other carbonate bands are much 
weaker, as is the case for the unknown mineral. Overall, the spectrum bears close resem- 
blance to that of the unknown mineral and is in appearance much less complex than that of 
cahnite. It is now of interest to identify the Raman features that can be attributed to 
scattering by the HBO;*” species, the protonated ortho-borate ion. The borate fundamentals 
in various minerals containing discrete BO; units fall into the range 870-1020 cm‘ (v,), 
680-810 cm? (v2), 1100-1300 em * (v3), and 550-670 em? (v,).% This feature should in 
principle allow a distinction between vibrations of the B(OH), versus the BO;°” ions. By 
assigning the band centered at 766 cm™* to the v, bending mode of BO;3°~, one can argue 
equally well that this band may be attributed to the v, stretching frequency (at 757 cm” 
for cahnite) of the BOH vibrating unit of the HOBO,2~ ion. Thus, this aspect of the spec- 
trum remains unclear though other features can be uniquely assigned to normal modes of the 
BO,” grouping. 

This interpretation of the borate spectra gathered here supports other experimental 
findings that the structure of the candidate new mineral includes borate functional groups 
most likely bonded to hydrogen. Our present understanding of the subtleties of these 
spectra and their relation to structural variances does not allow us to draw definite con- 
clusions regarding the presence of either trigonal or tetrahedral borate in the structure 
of the unknown mineral. Further work through the application of all synergistic micro- 
analysis techniques available to us is expected to resolve some of the remaining uncertain- 
ties. 


q; 
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DEVELOPMENT OF A LUMINESCENCE MICROPROBE 
J. L. Alvarez, T. E. Doyle, and V. A. Deason 


A luminescence microprobe was developed to supplement measurements from a Raman microprobe. 
Many crystals that are non-Raman active luminesce, which yields both chemical and crystal- 
line information. This instrument (Fig. 1) was built specifically for crystals with the 
NaCl structure and for Raman active crystals that exhibit impurity luminescence. Lumine- 
scence is defined as the emission of nonthermal, electromagnetic radiation, usually in the 
visible region. Luminescence includes fluorescence, characterized by an exponential decay 
rate that is independent of temperature; and phosphorescence, which decays more slowly and 
with more complex kinetics.* 


Analyzing Instrument Deseriptton 


monochromator 


The microprobe can 
obtain a luminescence 
and an excitation spec- 
PM trum from an area as 
small as 30 um. The 
system is designed 
around a modular UV 
microscope. The source 
can be broadband or 
monochromatic. The 
excitation beam is 
directed normally upon 
the sample through the 
microscope optics. The 
luminescence is col- 
lected by the same 
optics for transmission 
FIG. 1.--Schematic of luminescence microprobe. to the analyzing 

monochromator. 

The exitation source is either a high-pressure mercury or xenon lamp. The xenon pro- 
vides a broadband source; the mercury lamp can give selected higher-intensity lines. The 
source is focused to a narrow beam that is spatially defined by a slit and iris. The 
source can be monochromatized by means of a 0.125m monochromator with a 1200 lines/mm holo- 
graphic grating. The grating can be stepped manually to give a 10nm resolution, which 
allows the observation of the excitation spectrum of the luminescence, i.e., the frequen- 
cies of the source that cause the maximum excitation. The source beam is directed through 
the microscope objective by a half-silvered mirror. The sample can be viewed through the 
mirror via a UV blocking eyepiece. A white light source is also available for viewing non- 
luminescing samples. The UV objective is 16x. 

The luminescence from the source is collected by the objective and passed via a half- 
silvered mirror to the analyzing monochromator. The optical characteristics of the micro- 
scope and monochromator differ, and must be matched by a three-lens system to optimize the 
signal. The analyzing monochromator is a 0.32m instrument with a holographic grating 
having 2400 lines/mm and driven by a stepping motor at 0.Qlnm increments, yielding a resolu- 
tion of 0.05 nm. At present, resolution of this order is not attainable since the slits on 
the analyzing monochromator are opened to a width to achieve sufficient throughput. The 
detector is a UV sensitive, side-window photomultiplier tube mounted in an ambient- 
temperature housing. The signal from the PM tube is routed to a DC amplifier and a chart 
recorder. 

The combination of the luminescence and excitation spectra is sufficient for compound 
and crystal identification in most cases. The resolution is not adequate for investi- 
gating phonon mediated fluorescence and luminescence line widths. 


The authors are at EG&G Idaho, Inc., Idaho Falls, ID 83415. Work performed for the 
Nuclear Regulatory Commission. 
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Results 


The microprobe was developed specifically to identify fission-product CsI. It has been 
postulated that most of the iodine produced in nuclear reactors resides in the fuel rods as 
CsI. The form of the iodine and its chemistry upon release from the fuel are important in 
hazard analysis and protection schemes. Samples from a deliberately failed test reactor 
were to be examined by the microprobe to determine the existence of CsI. 

Cesium iodide crystals exhibit broadband luminescence centered at 420 nm. The line 
width at half maximum is 63 nm.? This luminescence is the result of defects in the 
crystal.°*~° Broadband luminescence is far from sufficient for identification since many 
crystals exhibit the same or nearly the same luminescence. The frequency that excites the 
luminescence can be diagnostic. The excitation frequency for the CsI luminescence is 
centered at 240 nm with a line width at half maximum of 10 nm.? 

Work on standards to determine the ability of the microprobe to observe the lumines- 
cence and excitation spectra on small particles has revealed several difficulties in 
obtaining the spectra that are the direct result of CsI chemistry. The observations 
eliminate several proposed reactions at low temperature on solids but investigations have 
not been made at high temperature on vapors. 

Cesium iodide crystals stored open to the atmosphere at room temperature or as received 
from a vendor do not exhibit luminescence. The cause appears to be quenching by waters of 
hydration on the surface. A luminescence spectrum is obtained if the crystal is crushed 
and a particle from the center is examined. The strength of the luminescence decreases 
with exposure to the atmosphere but regains strength if heated. No Raman spectra are 
observed from either the fresh or the stored crystals. This seems to indicate that the 
reaction occurring is CsI + xH,0 + CsI+xH,0 and not CsI + xH,0 + CsOH + HI or CsIO; + HIO. 

The iodates have characteristic Raman spectra and CsOH reacts with CO, in the air to 
give CsHCO;,, which is also Raman active. 

These results and further planned experiments may elucidate the expected chemistry and 
chemical forms of the CsI when nuclear reactor samples are examined. 


Posstble Improvements 


The present instrument was constructed to demonstrate the feasibility of a micro- 
luminescence instrument and to solve a specific problem, the identification of CsI. It was 
built at an equipment cost of approximately $40K. Several improvements are possible to 
increase the sensitivity and resolution and decrease the spot size. 

The sensitivity can be increased by three methods. The first is to increase the power 
of the source. Brighter lamps are available as are UV lasers. The latter are very ineffi- 
cient and require high-power lasers with frequency doubling systems. These high-power, 
high-cost systems may be advantageous for some applications. Such a laser would cost 
$100K. The second method is to lower the noise in the detection system. High-sensitivity, 
low-noise, cooled photomultiplier systems are available at moderate costs, roughly 10% of 
the present system parts. The third method of sensitivity improvement would also reduce 
the spot size. This goal can be accomplished by incorporating a 74x objective, which 
increases the resolving power by 4.6 and should reduce the spot size (area) by 1/20. The 
spot size can be further reduced but with a loss of intensity by use of a smaller source 
diaphragm opening. 

Resolution can be increased, at the expense of throughput, by use of higher-resolution 
monochromators. A double monochromator would be particularly advantageous for the 
analyzer and would eliminate second-order diffraction interferences. The higher resolution 
would allow investigation of impurity luminescence and phonon-mediated luminescence that is 
currently being done with visible excitation frequencies. UV excitation dependence would 
be very helpful in explaining the interactions and may enhance weak lines or produce new 
lines. 

A UV laser or higher-resolution monochromator may improve the excitation frequency 
information. A UV laser would also contribute to a smaller spot size, since a narrow, 
parallel beam is produced. 
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Cone lustons 


A luminescence microprobe has been developed that demonstrates the possibility and 
usefulness of such a system. It is adequate to its original purpose of detecting micro 
quantities of CsI. The instrument in conjunction with a Raman microprobe has demonstrated 
CsI chemistry under some conditions and indicates methods of examining for CsI on nuclear 
reactor samples. 

Several modifications can be made in the system for specialized or general purpose use. 
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SOME ANALYTICAL APPLICATIONS OF MICRO IR AND MICRO RAMAN SPECTROSCOPY 
M. Mehicic, M. A. Hazle, R. L. Barbour, and J. G. Grasselli 


Many microprobe techniques are available in the laboratory today and are used with various 
types of analytical spectroscopy. Electron and ion beam microprobes are generally very 
good for atom concentration determination, although SIMS can provide very useful molecular 
information under proper conditions. Molecular information is much better approached by 
the relatively recent development of vibrational spectroscopy microprobes, i.e., infrared 
and Raman microspectroscopy. ~$ In an industrial analytical spectroscopy laboratory, where 
material identification is one of the typical problems, these techniques are developing 
into very important tools. This paper presents some typical applications. 


Catalysts 


In both fixed and fluid bed heterogeneous catalysts, catalyst particle homogeneity is 
a very important question. Many industrial catalysts are multiphase systems, usually con- 
sisting of a support material (Al,0,; or Si0,) and the active phase, which is either one or 
more metals or metal oxides. Many of the active phases have inhomogenities either through 
deliberate preparation or because of use. The ability to detect thse phases is important, 
as they seriously affect the catalyst's performance. An example of the use of the Raman 
Microprobe to detect different phases is shown in Fig. 1. These catalyst particles show 
different color regions. Spectra were obtained from a dark colored particle and a light 
colored particle. In both cases particles were less than 5 x 10 um. The differences in 
the relative amount of Fe,(Mo0,); (789 cm"), and the other molybdates (900-1000 cm? 
region), are easily recognized. Obtaining comparable information with Micro IR is very 
difficult because of low transmission and reflectance. Raman spectroscopy, in general, is 
a better technique for studying active phases in supported heterogeneous catalysits because 
most common supports (Si0O,, Al,0,) are strong IR absorbers and poor Raman scatterers. 


Ferrography 


Ferrography is the study of shape, concentration, composition, size, and distribution 
of wear particles in lubricating and hydraulic fluids.’ Infrared spectroscopy provides 
additional information on the extent and type of 011 degradation and microspectroscopy 
techniques can be used to provide even better chemical characterization of particles (AES 
for atomic and micro IR/R for molecular). 


Minerats 


Traditionally minerals analysis is the domain of electron microscopy and elemental 
analysis techniques associated with it (energy-dispersive x-ray analysis), but vibrational 
spectroscopy is making an impact, particularly in situations where atomic composition is 
not sufficient to determine the chemistry of the particle. Problems are associated with 
mineral inclusions, flotation problems, separations, etc. 


Corroston 


The economic impact of corrosion in the 011 industry is enormous, providing an impetus 
for extensive scientific research. Many analytical methods are applied in corrosion 
problems; electron beam excited AES/SAM and microscopy are probably the most common 
methods for study of many problems such as embrittlement, crack formation, segregation/ 
boundaries, etc. Microvibrational spectroscopy has much to offer in this area. There are 
applications to the study of filliform corrosion® which occurs on painted metals (pipe- 
lines, storage areas). 


The authors are at The Standard 011 Company, Research and Development, Cleveland, 
OH 44128. 
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FIG. 2.--Ammoxidation catalyst particles, 128. 


Polymers 


Microspectroscopy can be very useful in the study of polymers. There are a variety of 
problems such as inclusions, separation of phases, bubbles, etc. 


Other applications include environmental problems (solid particles trapped in smoke 
stacks or liquid-phase filters), fossil fuels (inhomogeneties and chemistry of coals, tar 
sands, and shale rock), and ceramic materials. 
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MICROLUMINESCENCE SPECTRA OF Ti-ACTIVATED Zr0,-Y503 
T. E. Doyle and J. L. Alvarez 


Sharp-line luminescence of titanium impurities in the system Zr0,-Y,0; has been investi- 
gated. Cubic ZrO, and Zr;Y,0,, exhibit broadening of the luminescence lines that can be 
attributed to structural disorder. The sharp-line luminescence also provides a method for 
determining the phonon modes in cubic Zr0,. 

Investigators have observed luminescence in zirconia as a blue-white broadband emis- 
sion’ and sharp-line emissions in the green region of the spectrum.” Both the broadband 
and sharp-line luminescence can be ascribed to trace impurities of titanium in solid 
solution with the Zr0,.’’* Asher et al.? proposed that the sharp-line luminescence arises 
from phonon-mediated de-excitation of excited states rather than direct electronic transi- 
tions. The excited states, consisting of three closely spaced energy levels, decay by pro- 
ducing both a photon and a single long-wavelength optical phonon. Therefore, the frequen- 
cies of the luminescence peaks correspond directly to discrete phonon energies. 

Although sharp-line luminescence in Ti-activated ZrO, has been previously reported,? 
we have not found a discussion of sharp-line luminescence in ZrO, binary systems in the 
literature. The present study examined the sharp-line luminescence spectra of solid solu- 
tions and an intermediate compound in the system Zr0,-Y,0,. Our experiments indicate that 
structural disorder in cubic ZrO, and in Zr;Y,0;2 broadens the luminescence lines. How- 
ever, individual luminescence lines and thus their associated phonon frequencies are still 
discernible and allow phonon mode determination for cubic Zr0,. The results demonstrate 
the use of luminescence for probing crystal structures in zirconia binary systems. 


Experimental 


We made Zr0,-Y,0, solid solutions and an intermediate compound by a coprecipitation 
method adapted from Garvie. Proportioned amounts of zirconyl nitrate and yttrium nitrate 
were separately dissolved in distilled water and mixed. The hydroxides were precipitated 
by the addition of ammonium hydroxide until the solution became basic. The precipitate 
was centrifuged, decanted, and dried under a heat lamp for 2 h to evaporate excess water 
and ammonia. It was then heated in a muffle furnace at 1000 C for 16 h to drive off water 
from the hydrous oxide. ICP analysis confirmed that the zirconyl nitrate contained suffi- 
cient amounts of titanium impurities to cause luminescence in the resuitant solid solu- 
tions and compound. We also made CaO-stabilized cubic ZrO, using the coprecipitation 
method and heating the precipitate to 1000 C. 

Sample particles were mounted on glass slides and placed under the microscope of an 
Instruments SA MOLE 77 Raman microprobe for analysis. Spectra were taken of the particles 
by monochannel scanning and photon counting. The excitation source was an Art laser at 
wavelengths of 488.0 nm (blue) and 514.5 nm (green). The luminescence peaks were differen- 
tiated from the Raman peaks by changing the excitation wavelength. 


Results and Discussion 


Figure 1 is the phase diagram of the system Zr0,-Y,0,." The circles in the phase 
diagram represent the compositions of three samples we made and the temperatures reached. 
Raman spectra of sample particles acquired simultaneously with the luminescence spectra 
verified that the tetragonal and cubic phases were achieved. The Raman spectrum of the 
sample containing 40 mol % Y,0; was different from the spectra of the three ZrO, poly- 
morphs, and is probably the spectrum of Zr;Y,0,,. The x-ray diffraction pattern of the 
sample indicated Yy 15 Zr, ,, 0,,,, with some d-spacing shift, and a mixed phase was most 
probably present in the sample. Cubic ZrO, stabilized with 20 mol % CaO was also made, 
with the cubic phase verified by Raman spectroscopy. 

Figure 2 displays the Raman and luminescence spectra of the three Zr0,-Y,0,; samples. 
The 514.5nm line was the excitation wavelength. Tetragonal ZrO, (top) produced 8 sharp, 
distinct luminescence lines and 4 broader luminescence lines between 900 and 1700 ecm™?, 
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Cubic ZrO, (middle) produced 6 broad lines and 1 sharp line between 900 and 1700 cm7*, and 


an additional broad peak appears at 1900 cm™+. Zr3Y,0,, (bottom) displayed a broad Raman 
band at 674 cm™*. Seven broad luminescence lines were discernbile with ZrzY,0,. from 900 
to 1700 cm ?, with an additional peak appearing at 1870 cm™?. 

Both cubic ZrO, and ZrsY,0,, exhibit a defect structure primarily associated with 
oxygen vacancies.® In cubic Zr0,, the oxygen ions are also shifted from their ideal 
fluorite lattice sites.’ Zr3Y,0,, has a rhombohedral crystal structure, with oxygen 
vacancies lying along the [111] crystal axis.® In general, structural disorder in a crys- 
talline compound results in a broadening of the luminescence lines.® 

It is evident from the spectra that a definite broadening of the luminescence lines 
occurs with cubic ZrO, and Zr3Y,0,,, and is most likely associated with the defect struc- 
ture. Also noticeable is the change in frequency of the luminescence lines with the 
different samples, probably resulting from the change in crystal structure that alters the 
phonon frequencies in the lattice. We also observed lesser effects due to crystal orien- 
tation. 

We obtained similar results from the luminescence spectra of CaO-stabilized cubic Zr0, 
and CaZr0O,;. Spectra of the CaO-stabilized cubic ZrO, revealed broadening of the lumines- 
cence lines. Broadening was not apparent in the spectra of CaZr0,, which has an ortho- 
rhombic perovskite crystal structure. 

Because the frequencies of the luminescence peaks correspond directly to discrete 
phonon energies, luminescence can be used to determine the phonon modes of cubic ZrO, and 
various zirconate compounds. This technique would be especially useful since the Raman 
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spectra are weak and yield limited information on the phonon modes. For example, the Raman 
spectrum of cubic ZrO, is a weak continuum representing a density-of-states function 

caused by structural disorder in the form of oxygen vacancies creating a breakdown of the 

k = 0 selection rule.?’?°® 

Using the values for the energy levels of eOseTi derived by Asher et al.,? we can 
calculate the phonon modes of Y,0,;-stabilized cubic ZrO, from the luminescence lines. 

Table 1 displays the values for the energy levels (absolute wavenumbers), luminescence line 
frequencies (Raman frequency, centered at 514.5 nm), and the corresponding phonon 
frequencies. 

Because they both have a cubic fluorite structure, the phonon modes of cubic ZrO, 
should be similar to those of UO,. On examination (Table 2), we find fair agreement. 
Vibrations of the oxygen ions in the crystal lattice produce these phonon modes. We are 
at present working to deconvolute the cubic ZrQ, luminescence spectrum to interpret 
the data more accurately. 


TABLE 1.--Luminescence line frequencies and corresponding phonon modes for cubic Zr0,. 


Luminescence lines Energy level Phonon frequency 
(em7*) (cm™*) (cm™*) 
966 18705 236 
998 268 
1072 18687 324 
1116 368 
1157 (shoulder) 409 
1207 (shoulder) 449 


TABLE 2.--Comparison of cubic ZrO, and UO, phonon modes. 


Cubic ZrQ, phonon modes UO, phonon modes (Ref. 11) 
(cm *) (cm7*) 
236 233 [Ms] 
268 284 [Tiy (TO)] 
324 328 [Zz (O1)] 
368 352 [Ls] 
409 407 [Ls'] 
449 447 [Tos'] 
Summary 


We have used the sharp-line luminescence of titanium impurities to probe crystal struc- 
tures in the system Zr0,-Y,0;. The presence of Y,0,; in the crystal lattice alters the 
frequencies of the luminescence lines, probably as a result of the change in crystal struc- 
ture and phonon modes. Luminescence line broadening was observed in both cubic Zr0, and 
Zr3Y,0,,, and can be attributed to structural disorder. The phonon modes in cubic ZrO, 
were determined from the luminescence lines, and the phonon frequencies appear to 
correspond to those of UQ,. 


References 


1. J. F. Sarver, "Preparation and luminescent properties of Ti-activated zirconia," 
J. Electrochem. Soc. 113: 124-148, 1966. 

2. I. M. Asher, B. Papanicolaou, and E. Anastassakis, "Laser excited luminscence 
spectra of zirconia," J. Phys. Chem. Solids 37: 221-225, 1976. 

3. R. C. Garvie, "The occurrence of metastable tetragonal zirconia as a crystallite 
size effect," J. Phys. Chem. 69: 1238-1243, 1965. 


73 


4, V. S. Stubican, R. C. Hink, and S. P. Ray, 'Phase equilibria and ordering in the 
system Zr0,-Y,0,,'' Jd. Am. Ceram. Soe. 61: 17-21, 1978. 

>. S. P. Ray, V. S. Stubican, and D. E. Cox, "Neutron diffraction investigation of 
ZY,Y,0,,," Mat. Res. Bull. 15: 1419-1423, 1980. 

6. V. S. Stubican and J. R. Hellman, "Phase equilibria in some zirconia systems," 
in A. H. Heuer and L. W. Hobbs, Eds., Setence and Technology of Ztreconta, Columbus, Ohio: 
The American Ceramic Society, 1981, 25-36. 

7. E. C. Subbarao, "Zirconia: An overview," tbtd., 1-24. 

8. G. E. Rindone, "Luminescence in the glassy state," in P. Goldberg, Ed., Lumines- 
cence of Inorganic Soltds, New York: Academic Press, 1966, 422. 

9. V. G. Keramidas and W. B. White, "Raman scattering from Ca ZV, _ 05 _ a A 
system with massive point defects," J. Phys. Chem. Solids 34: 1873-1878, 1973. 

10. <A. Feinberg and C. H. Perry, "Structural disorder and phase transitions in 
Zr0,-Y,0, system," J. Phys. Chem. Solids 42: 513-518, 1981. 

ll. G. Dolling, R. A. Cowley, and A. D. B. Woods, "'The crystal dynamics of uranium 
dioxide,'' Can. J. Phys. 43: 1397-1413, 1965. 


74 


5 
3 
8 
5 
8 
8 
8 
8 
8 
8 
8 
8 
8 
3 
8 
8 
8 
3 
8 
3 
3 
3 

3 
3 
33 
3 
3 
3 
3 
3 
8 
3 
3S 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
3 
8 

3 
3 
3 

3 
3 
3 
3 
3 
3 
5 
8 
3 
8 
8 
8 
8 
8 
8 
8 
8 
EY 
8 


J.T. Armstrong, Ed., Microbeam Analysis—1985 
Copyright © 1985 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


ANALYSIS OF MICROZONING IN DIAMOND 
M. E. Andersen, T. B. Vander Wood, and R. Z. Muggli 


Diamond has long held an interest for people as a result of its unique physical properties. 
The best known of these properties include hardness and high refractive index, both of 
which are important gem qualities. Other applications for diamond can be found, however. 
For instance, its hardness would be an advantage as a protective layer on a product such 
as a computer disk. In addition, diamond has a thermal conductivity which is higher than 
copper metal;* thus, there is great interest in it for utilization in semiconductors. 
Geologists have always viewed diamonds with interest because they are a phase that is 
thermodynamically stable only at high pressure; so its persistence at atomospheric pres- 
sure, where it can be studied, has given geologists the opportunity to gain information 
about the earth's interior by studying the phase relations of diamond and associated min- 
erals and the inclusions and trace elements within the diamond (e.g., Ref. 2). 

Diamond has been previously widely studied on a macro scale. One of the most prominent 
of the elements present in diamond, other than carbon, is nitrogen. Nitrogen is most 
readily detected by its effect on the infrared spectrum of diamond. Boron has also been 
found in diamonds and renders them semiconducting.* On a micro scale the phases included 
within diamonds have been studied both in situ and after removal from the diamond matrix. 

We recently began study of a unique diamond that had been cleaved to produce surfaces 
parallel] to the (100) plane. This diamond displayed a peculiar zoning pattern shown by 
variations in birefringence (Fig. 1) and, when exposed to long-wavelength (365nm) UV 
(Fig. 2), the diamond showed oscillatory zoning in its fluorescence pattern. The oscilla- 
tions are displayed on an extremely fine scale, so that a determination of the cause of 
this oscillatory zoning requires microprobe techniques. In this paper we discuss the 
application of two microprobes to the study of this unique diamond. 


FIG. 1.--Zoning in diamond sample shown by FIG. 2.00Same diamond as in Fig. 1, dis- 
variations in birefringence. playing oscillatory zoning in ultraviolet 
fluorescence. 


Mtero IR Spectroscopy 


We have taken a Perkin-Elmer Model 85 infrared microscope and merged it with our Digi- 
lab FTIR (Fig. 3). This system allows us to image a sample at approximately 150x magnifi- 
cations using a condensing system and a matched objective with a numerical aperture of 
approximately 0.75. Apertures are placed in an intermediate magnified image plane, which 
allows one to control the width and length of the region being studied. Because these 
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Viewing Telescope apertures are in the magnified image plane, diffrac- 


tion effects are much less important than if one 
Mirror -~ By pater attempted to aperture at the sample. An image of 
the sample is focused onto the detector, which is a 
Aperture —|— Condenser liquid-nitrogen-cooled MCT type. Because this micro- 


scope incorporates all reflecting objectives, there 
is no dispersion and one can conveniently image in 
white light to orient and bring the sample into 

| proper focus. For this particular experiment, the 
diamond was oriented so that one set of apertures 

was parallel to the direction of the banding. We 

set the width of the apertures to approximately 20 um 

and the length to approximately 100 um. 

A number of extreme regions, in terms of ultra- 
violet fluorescence, were known to be present and we 
stepped the diamond across the interface between a 
low- and high-fluorescence region. The spectra from 
two such regions are shown in Fig. 4. The bands in 
NG the region from 1600 to 2800 wavenumbers are intrin- 

Mirror 


sic to diamond and these features were used to norm- 
alize the nitrogen features. This diamond is a Type 
Ia diamond, which implies the presence of nitrogen. 
The broad band at 1280 wavenumbers arises from "A" 
features, which correspond to a pair of nearest- 
neighbor nitrogen atoms substituted for carbon in 

the diamond lattice. The band at 1170 wavenumbers is 
attributed to a "B" type aggregate, believed to contain more nitrogen atoms than the la 
type. Both of these features are quite common in Type Ia diamonds. 

Synthetic diamonds are characterized by atomically dispersed, not aggregated, nitrogen 
atoms. These diamonds yield a strong band at approximately 1120 wavenumbers, and are 
termed Type Ib diamonds. Numerous diamonds also contain "platelets" of nitrogen. The 
infrared band associated with these platelets occurs at 1370 wavenumbers, known as the "B'" 
feature. Some micro data supporting the correlation of these platelets with nitrogen have 
been foundbut the abundance of platelets does not correspond to the total amount of nitro- 
gen in a diamond.* In Fig. 5 we plot the intensities of the absorbance vs distance across 
a prominent zone of the diamond after normalizing to the diamond bands. It is apparent 
that the nitrogen content drops off precipitously in the low-fluorescence zone as indicated 
by the drop off in the intensity of Type A and B features. It is significant that the 
B' features, associated with the nitrogen platelets, also drop off in a like manner. This 
effect is certainly consistent with the interpretation that the platelets are related to 
nitrogen. 


FIG. 3.--Schematic of micro-infra- 
red absorption spectrometer used 
in these analyses. 


Ion Microprobe Results 


The diamond was also mounted for analysis by ion microprobe. The instrument used was 
the Instruments SA Riber Model MIQ 156. This instrument is an ultrahigh-vacuum (107+? 
Torr) quadrupole system, Utilizing an ultrahigh vacuum minimizes hydride formation from 
residual water vapor and makes the interpretation of the resulting mass spectrum simpler. 
The analyzing beam was a *°nrt beam accelerated through 20 kV; an electron gun was used 
for charge neutralization. 

Two areas of the diamond were analyzed in this initial study. One was a highly UV 
fluorescent area; the other was a low-fluorescence area which corresponds to the regions 
analyzed by micro infrared. Ion intensities were normalized to 1*C for each region and 
the ratio of high fluorescence to low fluorescence areas was taken. The low-fluorescence 
region exhibited a lower concentration of most elements (Fig. 6). It can be seen that the 
highly fluorescent region is significantly enriched in nitrogen, consistent with the infra- 
red data. However, this region is also highly enriched (by an order of magnitude) in 
sodium, potassium, aluminum, etc. These elements correspond to the elements of an eclo- 
gite association of minerals in the mantle source regions of diamonds. The platelet band 
intensity at 1370 em* is also correlated with element variations other than nitrogen. 
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Conelustons 


The oscillatory zoning pattern detected 
in the diamond by fluorescence and bire- 
fringence is shown to be associated with 
distinct chemical oscillations. These 
oscillations are certainly related to the 
growth of the diamond, possibly indicating 
variations in growth rate, so that rapid 
growth allows incorporation of the extran- 
eous elements associated with the source 
region. Alternatively, the diamond has 
found its way into a variety of source 
regions, perhaps through convection; or the 
composition of the source region varied 
during diamond growth. Additional finer- 
scale ion microprobe work should help 
resolve this question, particularly in 
conjunction with the sensitive micro IR 
technique. 
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Quantitative X-ray Microanalysis 
A SIMPLE ACCURATE ABSORPTION MODEL 


kK. F. J. Heinrich 


The model for distribution in depth of direct x-ray generation proposed by Philibert, 

with modifications by Duncumb? and Heinrich,* has been widely used in microanalytical prac- 
tice. This model was intended to be used for moderate absorption losses and performs very 
well under these conditions. As pointed out by Yakowitz and Heinrich, * in the case of 
severe absorption losses the accuracy is inherently limited by the inaccuracies in all 
applicable parameters, as can be easily seen from error propagation. Analytical programs 
such as FRAME” and its variant for solid-state detectors’ were provided with warnings 
against use for lines of elements of atomic numbers below 11. However, such warnings are 
frequently disregarded by users, who work out of the intended range of operating condi- 
tions but are surprised to obtain poor analytical results. In FRAME, for instance, the 
absorption edges in the region beyond 11 A are not programmed in the calculation of mass 
absorption coefficients. Hence, the program is not merely inaccurate in this region, it 
does not work at all. 

The interest in determining elements of low atomic number (Z<11) is nevertheless very 
great, and since the warnings against the use of general analytical programs are usually 
disregarded, it is preferable to provide general analytical schemes with absorption models 
that work well for high x-ray absorption in the target. The present work attempts to lay 
the foundations for this goal. 

The general form of the equation for depth distribution of x-ray generation corre- 
sponding to the (simple) Philibert type correction is: 


o(z) = = cy exp(-d3z) (1) 


In this equation z is the distance from the surface (in g/cm*) and c and d are constants. 
The number of terms (k) is two in the Philibert equation.* At depth zero this function 
attains the value of zero, in striking contradiction to theoretical prediction and experi- 
mental evidence.’ When the absorption is high, the observed radiation comes mainly from 
shallow depth, and thus the Philibert model becomes unsuitable. The importance of the 
proper fit of ¢(z) close to the surface was shown by the success of the rectangular model 
for ¢(z) proposed by Bishop, which despite a poor fit over most of the region of electron 
penetration gives better results in cases of high x-ray absorption than the conventional 
models.® However, the general use of a model so deviant from physical reality does not 
appear desirable. One would like to use a model that fits the experimental evidence well, 
particularly close to the specimen surface. 


The absorption correction is applied in the usual correction procedures as a Laplacian 
transform of the o(z) function: 


F(x) = So(zje**dz/So(z)dz (2) 


In this equation, x = u csc ~, uw is the mass absorption coefficient of the x radiation in 
the target, and ~ the average emergence angle of the x rays. If we use a normalized depth 
distribution such that f$(z)dz over the entire depth range is equal to unity,’ we obtain 


f(x) = Seo(zje™* dz (3) 


The function f(x) gives the probability that an x-ray photon being emitted into the solid 
angle covered by the spectrometer system (or the energy-dispersive detector) survives 
absorption within the target. In the ZAF procedures, in which the correction terms are 
multiplicative factors, the absorption correction is: 


fx) /E0) 


specimen standard 


The author is with the Office of International Relations, National Bureau of Standards, 
Gaithersburg, MD 20899. 
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Because much of the experimental evidence concerning x-ray absorption in the target is 
related to the tracer experiments which yield $¢(z), whereas the performance of the absorp- 
tion correction requires f(x), a practical model for $(z) should lend itself easily to 
transformation into f(x) via the Laplace transform, so that the model can be readily 
tested and applied. 


The Proposed New Model 


Castaing® observed in his thesis that at great depth within the target the function 
$(z) approaches an exponential function. This function is that of Eq. (1) with i = 1: 


$(z) = (1/ay)exp(-z/ay) (4) 
Here, y is a term that depends on the operating potential V, and the critical excitation 


potential for the relevant x-ray emission Voq> 


_ 1.65 1.65 
y = V5 - Vo 


an’ a is a constant. The corresponding expression for f(x) is: 


f(x) = (1 + ayx)™? (5) 
This expression was used by several authors,” *? and experimental evidence on f(y) indi- 
cates a reasonably good fit where no significant fluorescent radiation is emitted. The 
model does not fit the shape of $(z), because the electrons diffuse rapidly within the 
target, and the ionization cross section is a function of electron energy. Unlike the 
simplified Philibert formula, the exponential curve does not go to zero at zero depth: 
[6(0} = l/ay], but has at this point its highest value (for positive values of z), dimin- 
ishing rapidly with increasing depth. 

As shown previously,** a model of the form 


f(x) = (1 + ayx)7? (a = 1.2 x 107°) (6) 


: (quadratic model) can be fitted very well to the experimental data at moderate absorption 
7 levels. The corresponding form for $(z), 


$(z) = z/(a?y?)exp(-z/ay) (7) 
provides a reasonably good fit to experimental $(z) curves from tracer experiments, except 


at very small values of z at which ¢(z) again vanishes. By combining additively the expon- 
ential and the quadratic models, one can obtain a good fit over the whole range. 


Q 
x 
7 
3 
a 
a 
3 
Bf 
“3 
3 


¢(z) = a[(ay)”* exp(-z/ay)] + (1 -a) [(z/(ay)? exp(-z/ay)] (8) 
The corresponding f(x) function is readily obtained: 
ity) =p elayod/ Oe ay? (9) 


The parameters a and a depend on the specimen composition, x on the absorption conditions, 
and y on the operating and minimum excitation voltages. 


Examples of the fit of Eqs. (8) and (9) to experimental data are shown in Figs. 1 and 2. 


The variation of a with target composition is more important than that of a; a satis- 
factory fit to the experimental values of 9(z) and f(x) for normal beam incidence can be 
obtained with 


2 
ll 


i 
0.180 + 2/y + 0.008Vq + 0.00522 


1.65e7° 


tet] 
iT} 


where Vg is the critical excitation potential and Z the atomic number. 
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tracer in Cu; Eg = 29 keV. Data of Castaing dicted by proposed model, compared with experimen- 
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The limits for further refinement of this model are set by internal inconsistencies 
among experimental results. It should be easy to adapt the equation to oblique beam inci- 
dence. A test of this model on analyses of material of known composition is planned for 


the near future. 
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EVALUATION OF RECENT AND IMPROVED CORRECTION PROCEDURES FOR EPMA 
Glyn Love, V. D. Scott, and D. A. Sewell 


In electron probe microanalysis, three principal factors have to be taken into account when 
correcting x-ray intensity ratios recorded from specimen and standard: atomic number Z, ab- 
sorption A, and fluorescence F corrections; their magnitudes are computed separately in a 
ZAF routine. Although the formulas developed in the 1960s for calculating these factors are 
still widely used today, improved correction procedures are required to deal with ultra- 
light element (Z < 10) anaiysis and to translate the better-quality x-ray data achievable 
with modern instruments into more accurate estimates of specimen composition. 

The atomic number and absorption (particularly absorption) corrections tend to be the 
largest and both may be calculated from knowledge of the distribution of generated x rays 
with mass depth (pz) in the specimen [commonly referred to as the 6(pz) curve]. The four 
recent correction procedures examined in this paper are, unlike earlier methods, largely em- 
pirical in that their formulas are based upon experimental x-ray depth distributions which 
have been obtained by tracer measurements or by Monte Carlo simulation. This is a logical 
approach because (a) the physical processes involved in the excitation of x rays by electrons 
are insufficiently well understood to develop a wholly theoretical treatment, (b) more exten- 
sive experimental $(pz) data have become available for curve fitting purposes, and (c) the 
complex formulas that tend to be generated using this method can now be readily dealt with by 
modern mini- and micro-computers and provide on-line correction of microanalysis data. The 
basis of each correction method is outlined below. 


Correetton Models Evaluated 


Tanuma.--The approach of Tanuma and Nagashima’ is founded upon an idea of Wittry* that 
the (oz) curve could be represented as a Gaussian function whose peak is displaced from the 
origin along the positive 9z axis by an amount proportional to its half width. Unfortunate- 
ly this means that it is not possible to obtain simultaneously the correct peak height in the 
o(oz) distribution and the appropriate x-ray generation at the specimen surface. Probably 
for this reason Tanuma has chosen to use the procedure for calculating absorption effects on- 
ly and to deal with atomic-number effects separately. The atomic-number correction selected 
is a curious hybrid which involves calculating the electron stopping power by the classical 
method of Duncumb and Reed® (but using a different form of the mean ionization potential) 
and calculating the backscatter factor by the method of Love et al.* 


Bastin.--In this model the $(ez) curve is used to produce a combined atomic number and 
absorption correction: the curve is described by a modified Gaussian shape with its origin 
centered at the specimen surface. The introduction of a transient function allows the x-ray 
generation from the surface of the specimen to be properly represented. This concept was 
first suggested by Packwood and Brown? but subsequently the formulas have been adjusted and 
those assessed here, due to Bastin et al.,° have the advantage that they do not require time- 
consuming numerical integration. 


Love-Seott I.--Here the (oz) curve is represented by a rather crude rectangular shape’ 
such that the x-ray generation with depth in the specimen is constant until twice the mean 
depth of x-ray generation (9z) is reached, when it falls abruptly to zero. It is based on 
work of Bishop,® who showed that pz controls the size of the absorption correction provided 
that absorption effects are not very large (say, less than 50%). However, the model is to- 
tally inadequate for calculating an atomic-number correction and the method of Love et al.* 
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is adopted in which a modified form of the Bethe energy loss law is used to describe the 
electron stopping power and the backscatter factor is derived from Monte Carlo calcula- 
tions. 


Love-Seott If.--This is essentially an extension of the preceding model but now the x- 
ray depth distribution is represented by a quadrilateral shape;'® the key parameters are pz, 
the value of the surface ionization, the height of the peak in the $(pz) curve, and its po- 
sition along the 0z axis. This more accurate representation is intended to deal with cases 
where absorption is very large such as in ultra-light-element analysis. At the same time by 
retaining 0Z as an explicit parameter performance should not be compromised when absorption 
effects are less severe. The atomic number correction is the same as that used in Love- 


Scott I. 


Test of the Correction Models 


The four correction models have been assessed first by use of a wide range of microanal- 
ysis results on binary alloys'® (554 results). Second, a database!° consisting of 94 oxygen 
and fluorine measurements has been compiled to evaluate performance for ultra-light-element 
analysis. 

For x radiations with energy greater than 2 keV the formulas of Springer and Nolan’? 
were used to calculate mass absorption coefficients and for lower energy radiation the val- 
ues of Henke et al.*? were employed. 

Ail correction models were combined with the characteristic fluorescence correction of 
Reed,'* but no continuum fluorescence correction was applied as it was negligible for almost 
all systems examined. 

The performance of each model was assessed by a comparison of the measured intensity ra- 
tios k with the intensity ratios k' predicted by the correction procedure from a prior know- 
ledge of specimen composition. An accurate correction procedure should give k'/k values 
close to unity and assessment is facilitated by plotting of the data in the form of histo- 
grams. 

The results of applying all four correction models to the binary alloy data are shown by 
the histograms in Fig. 1 and the percentage root mean square (RMS) errors listed in Table 1. 
Examination of Fig. 1 reveals that both the Love-Scott models have similar sized peaks. This 
is not an unexpected result in view of the fact that both use the same formula for pz and 
this parameter controls the size of the absorption correction in many of the binary alloys. 
However, the Love-Scott II histogram has a narrower base, which is reflected in the smaller 
percentage RMS error--2.9%, compared with 3.5% given by Love-Scott I. Histograms construc- 
ted by the correction models of Tanuma and Bastin both have peaks which are significantly 
lower than either of the Love-Scott methods but the corrected data are still relatively good 
as illustrated by the RMS errors. 

Application of the models to the ultra-light elements (oxygen and fluorine) is a more 
stringent test of the absorption correction. No histograms were produced because of the 
limited amount of data but RMS errors are given in Table 1. These errors show that the meth- 
od of Tanuma cannot be recommended for ultra-light element work and illustrate the deficien- 
cies of the Love-Scott I procedure now that absorption effects are large. The performance 
of the Bastin model is reasonable but it is bettered by that of Love-Scott II. 

From an examination of alloy systems where atomic number effects were larger than those 
of absorption it was deduced that all the atomic number corrections worked fairly weli, the 
percentage RMS errors ranging from 2.9% (both Love-Scott methods) to 3.4% (Tanuma). 

The assessment shows that the correction models of Bastin and Love-Scott II work partic- 
ularly well and, based on our experience, would outperform the ZAF procedures currently in 
use. At present specimen tilt factors are being introduced into our model so that it will 
provide a "universal" correction procedure which can be confidently applied to all systems 
and analysis conditions. 
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TABLE 1.--Percentage RMS errors given by correction procedures when applied to microanaly- 
sis data. 


Element range Tanuma Bastin Love-Scott I Love-Scott II 
Z > 10 3.8 3.7 3.5 2.9 
Z < 10 11.8 7.0 9.7 4.8 


os 1-0 +t 


O98 10 WwW 


0-8 1-0 14 


FIG. 1.--Histograms of corrected microanalysis data (Z > 10, 554 results) plotted as k'/k, 
where k' is x-ray intensity ratio predicted by model and k is measured value: (a) Tanuma, 
(b}) Bastin, (c) Love-Scott I, (d) Love-Scott IT. 
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THE CHOICE OF INNER-SHELL ELECTRON IONIZATION CROSS SECTION 
IN QUANTITATIVE ELECTRON-BEAM ANALYSIS 


Hiroshi Abe, Kenji Murata, Serge Cvikevich, and J. D. Kuptsis 


The exact knowledge of the ionization cross section Q(U) for the case of the ionization of 
inner-shell electrons, which takes place in electron beam solid interactions, can be dis- 
regarded in conventional electron-beam microanalysis of bulk samples. ‘The use of unknown- 
to-standard characteristic x-ray intensity ratios (k-ratios) significantly compensates for 
the uncertainty in the expression chosen to describe the ionization cross section. How- 
ever, significant errors are to be expected in the case of standardless bulk analysis and 
quantitative analysis of thin films or small particles. 

The Monte Carlo simulation approach has been used by Murata et al./’* for quantitative 
electron microprobe analysis of thin films on substrates with reasonable success. In their 
more recent work, Murata et al.? have observed that, for Cu-Pd-Au alloy films, the best 
agreement with Rutherford backscattering spectroscopy (RBS) data is achieved by use of the 
Hutchins cross section? (with exponent m = 0.7) for the Pd La and Au Mo x-ray lines, and 
that the best agreement with RBS results is obtained by the use of the Worthington-Tomlin 
cross section’ for the Cu Ka radiation. This observation pointed to the need for a more 
general ionization cross-section expression and motivated us to look at all the currently 
available ionization cross-section data. 


Survey of Currently Available Ionization Cross-seetton Data 


Powell has extensively reviewed the expressions that have been developed for inner- 
shell electron ionization® as well as the ionization cross-section data available up to 
1975.® An up-to-date summary of ionization cross-section measurements is given in Table 1. 
Jonization cross sections for the relatively lower atomic number elements were determined 
mostly by Auger electron spectroscopy on gaseous sampics. Measurements of ionization 
cross sections of higher atomic number elements were done on thin elemental films by 
electron microprobe analysis (EMPA). Figures 1 to 5 summarize these experimental data, 
which are presented in a normalized form for ease of comparison. The data are grouped 
according to the specific ground level electron shell involved in the ionization process. 
Figure 4 shows the ionization cross section for the lower atomic number L-shell transi- 
tions separately, and Fig. 5 compares the L-shell cross-section data for higher atomic 
number elements with the cross-section expressions proposed by Hutchins (with m = 0.7) and 
Worthington and Tomlin. In general, the data show a mild atomic number dependence with 
the data for higher atomic number elements descending more steeply from the maximum value 
with increasing overvoltage U. 


A Study of the Iontzatton Cross Seetton by a Monte Carlo Stimulation Method 


We have compared our experimental measurements on Mo to the x-ray intensities gene- 
rated by simulations that used the expressions for ionization cross section proposed by 
Hutchins (m = 0.7 and m = 1.0), by Worthington and Tomlin, and by Gryzinski. The Monte 
Carlo simulation procedure described elsewhere? involved the use of Mott cross sections 
for elastic scattering, the values of Duncumb and Reed for the mean ionization potential, ?® 
and Heinrich's mass absorption coefficients.? To obtain the cross-section value at any 
arbitrary value of overvoltage U, a linear interpolation between adjacent data points was 
used during the Monte Carlo simulation runs. 

In Fig. 6 the experimental intensity measurements made on a bulk Mo target are com- 
pared to Monte Carlo simulation results obtained from both the Hutchins (m = 0.7) and the 
Worthington and Tomlin ionization cross-section expressions. The calculated and experi- 
mental results were matched at 10 keV. Although agreement is good at the lower values of 
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TABLE 1.--Compilation of ionization cross-section data references. 


Authors Shell Sample Phase Z EC (keV) References 
Pockman et.al K Ni solid 28 8.322 (10) 
(1947) 
Hink, Ziegler K Al solid 13 1.560 (11) 
(1969) 
Hink, Paschke K C solid 6 0.284 (12,13) 
(1971) 
Glupe, MehlLhorn K C gas 6 0.284 
(1967) K N gas 7 0.400 (14) 
(1971) K 6) gas 8 0.532 (15) 
i Glupe (1972) K Ne gas 10 0.867 (16) 
Bekk (1974) K Ne gas 10 0.867 (17) 
Vrakking, Meyer L P gas 15 0.189 (18) 
(1974) L S gas 16 0.229 
L Cl gas 17 0.270 
: Ogurtsov L Ar gas 18 0.320 (19) 
/ (1973) 
Christofzik iB Ar gas 18 0.320 (20) 
: (1970) 
i Kyser, Geiss K Si solid 14 1.837 (21) 
: (1977) Li Zr solid 40 9996 
| Butz, Wagner K Al solid 13 1.560 (22) 
: (1972) M W solid 74 1.814 
: L Nb solid 4l 2.371 
; iL Mo solid 42 2.523 
| Kuptsis M Pt solid 78 2.133 (23) 
: (1978) K AL solid 13 1.560 
L Mo solid 42 25923 
L Nb solid 31 2.371 


TABLE 2.--Comparison of Mo La k-ratios obtained by experiment and simulation with various 
ionization cross sections at 15 keV. 


Method Experimental Hutchins Hutchins Worth.- Gryzinski Experimental 
m=0.7 m= 1.0 Tomlin Q(U) 
K-ratio 0.1938 0.1899 0.1783 0.1733 0.1876 0.1883 


% Deviation 
from - -2.0 ~8.0 -10.6 -3.2 ~2.8 


Experiment 
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FIG. 1.--Normalized ionization cross section as function of overvoltage U (K-shells). 
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FIG. 2.--Normalized ionization cross section as function of overvoltage U (L-shells). 
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FIG. 3.--Normalized ionization cross section as function of overvoltage U (M-shells). 
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higher atomic number elements). Hutchins (——), Worthington-Tomlin (---) ionization 
cross section. 
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FIG. 6.--X-ray intensities from Mo standard vs electron energy. Experimental (®), simu- 
lated by Hutchins (+) (m = 0.7), and Worthington-Tomlin (*) cross section. 
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FIG. 7.--X-ray intensities from the thin Mo film vs electron energy. Experimental (@), 
simulated by Hutchins (+) (m = 0.7) cross section and normalized plot of the Hutchins 
(m = 0.7) cross-section formula (---). 
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FIG. 8.--X-ray intensities from a thin Mo film vs electron energy. Experimental (@), simu- 


lated by Worthington-Tomlin cross section (+), and normalized plot of Worthington-Tomlin 
cross section formula (---). 
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electron energies, the Monte Carlo results diverge from experiment at higher energies. The 
Hutchins cross-section results diverge positively, and the simulation results using the 
Worthington-Tomlin cross section exhibit a negative divergence. In Fig. 7 the charac- 
teristic x-ray intensities obtained from measurements on a thin (700A) Mo film (deposited 
on a Si substrate) are compared to those generated by Monte Carlo simulation using the 
Iutchins cross section with m= 0.7. In addition to these results, the Hutchins cross 
section Q{U)} is superimposed on this graph. The calculated intensity values obtained by 
using the Hutchins ionization cross-section expression (m = 0.7) are in good agreement with 
the measured intensity values. A comparison of our experimental data and the Hutchins 
cross-section expression leads us to conclude that experimental intensity measurements on 
such films do not directly yield the values of the ionization cross section. For the case 
of a 700AMo film on Si, our Monte Carlo simulation runs show that there is a strong varia- 
tion in the generation of characteristic x rays with depth even for an initial electron 
impact energy of 10 keV. Therefore the effective x-ray generation volume within the film 
will vary with film thickness and atomic number. 

The corresponding experimental and simulated results for Mo when the Worthington- 
Tomlin cross section is used are shown in Fig. 8. The agreement between simulated and 
experimental data is clearly less satisfactory. In order to minimize the in-depth varia- 
tion of x-ray generation and the substrate effect, we chose to make the comparison between 
the Monte Carlo simulation results that used a variety of cross sections, and the experi- 
mental measurements made at an electron beam energy of 15 keV. 

Table 2 summarizes the experimental k-ratio and the k-ratios obtained by Monte Carlo 
Simulation technique with five different ionization cross-section expressions for an 
electron beam energy of 15 keV and a Mo film with a mass-thickness of 71.4 ug/cm? (700A) 
on Si. The Mo La (Ec = 2.52 keV) characteristic x radiation is used. From this we find 
that the Hutchins cross section (with m = 0.7) and the cross section determined from the 
data in Fig. 7 yield the best agreement with experiment. 


Summary 


Currently available inner-shell ionization cross-section data were reviewed. These 
data show a mild atomic number dependence, but, due to an extensive scatter of data points, 
they do not lend themselves to description by relatively simple empirical expressions. 

The effect of the choice of ionization cross-section expression on k-ratios was eval- 
uated by Monte Carlo simulation. The cross sections of Hutchins (m = 0.7 and m = 1.0), 
Worthington and Tomlin, and Gryzinski were considered, and experimental measurements on a 
thin film of Mo on a Si substrate were used. The Hutchins cross section (with m = 0.7) 
and the cross section determined from intensity measurement on a 700A Mo film yielded the 
best agreement with experiment in that order. 


References 


1. D. F. Kyser and K. Murata, IBM J. Res. Develop. 18: 352, 1974. 

2. K. Murata, S. Cvikevich, and J. D. Kuptsis, Microbean Analysis--1983; ICXOM 10 
Proceedings, Toulouse, 1983. 

3. G. A. Hutchins, in P. K. Kane and G. B. Larrabee, Eds., Characterization of Solid 
Surfaces, New York: Plenum Press, 1974, 441. 

4. C. R. Worthington and S. G. Tomlin, Proc. Phys. Soc. A 69: 401, 1956. 

5 C. J. Powell, NBS Special Publication 460, 1975, 97. 

6. C. J. Powell, Rev. Modern Phystes 48: 33, 1976. 

7 M. Gryzinski, Phys. Rev. 138: A336, 1965. 

8. P. Duncumb and S. J. B. Reed, in K. F. J. Heinrich, Ed., Quantttative Electron 
Probe Microanalysts, NBS Special Publication 298, 1968, 133. 

9. kK. F. J. Heinrich, in T. D. McKinley, k. F. J. Heinrich, and D. B. Wittry, Eds., 
The Electron Microprobe, New York: Wiley, 1966, 296. 

10. L. T. Pockman, D. L. Webster, P. Kirkpatrick, and H. Harwroth, Phys. Rev. 71: 


$50, 19742 
11. W. Hink and A. Ziegler, Z. Phys. 226: 222, 1969. 
12. W. Hink and H. Paschke, Z. Phys. 224: 140, 1971. 
13. W. Hink and H. Paschke, Phys. Rev. A4: 507, 1971. 
14. G. Glupe and W. Mehlhorn, Phys. Lett. 25A: 274, 1967. 
15. G. Glupe and W. Mehlhorn, J. Phys. (Paris) C4: 40, 1971. 


31 


Glupe, Ph.D. Thesis, University of Mlinster, 1972. 
. J. Bekk, Diplom Thesis, University of Freiburg, 1974. 
. J. Vrakking and F. Meyer, Phys. Rev. AQ: 1932, 1974. 
. N. Ogurtsov, Sov. Phys. - JETP 37: 584, 1973. 
. J. Christofzik, Diplom Thesis, University of Mlnster. 
. F. Kyser and R. H. Geiss, 8th International Conference of X-ray Optics and 
Microanalysis, 1977. 
22. R. Butz and H. Wagner, Surface Science 34: 693, 1973. 
23. W. Reuter, J. D. Kuptsis, A. Lurio, and D. F. Kyser, J. Phys. D11l: 2633, 1978. 


he 
co 
DTmaanrn 


SIREN IRTRIRIED EDI TREE TUR TCR TEED Ng ReAGR ECD Ta gaTE OPEL OUR Tir Tae EUs aca Una Re ak Ean Tn ea ca ce ace a 


92 


Sc a aes 


J.T. Armstrong, Ed., Micrabeam Analysis—1985 
Copyright © 1985 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


ANALYZING ULTRA-LIGHT ELEMENTS IN THE ELECTRON MICROPROBE 
Glyn Love and V. D. Scott 


Electron-probe microanalysis of the ultra-light (Z < 11) elements presents far more 
problems than analysis of heavier elements mainly because (a) the low (< 1 keV) energies 
involved are readily absorbed on their way to the detector and (b) this region of the 
X-ray spectrum contains many lines (L and M spectra from heavier elements) that may over- 
lap the K spectra from ultra-light elements and interfere with analysis. Fortunately, 
recent improvements in the performance of both wavelength-dispersive (WD) and energy- 
dispersive (ED) techniques of x-ray analysis have enhanced the prospects of success in 
this area. Furthermore, in parallel with progress in instrumentation, correction proce- 
dures have now been developed that may be applied universally to all systems including the 
ultra-light elements. This paper reports on progress and prospects for the future. 


Wavelength~disperstve Analysts 


A large number of diffracting crystals, with d spacings ranging from 12 up to 70 A 
have been developed for dispersing low-energy x-ray emissions but relatively few are 
available commercially; the majority of ultra-light element analyses are carried out with 
a stearate crystal (d%50 A). The quality of diffracting crystals depends upon several 
interrelated criteria: (a) spectral dispersion and (b) spectral resolution, both of which 
are important for separating the proliferation of x-ray lines that may appear in this 
region of the spectrum; and (c) diffraction efficiency, in order to obtain useful element 
detection sensitivities. 

Table 1 lists the spectral resolution for three commercially available crystals as 
measured from the oxygen K emission (23.6 R = 525 eV) obtained from Al203. They indicate 
clearly the superiority of the TAP crystal (d = 13 A) over the laurate (d = 35 &) and 
stearate (d = 50 A); the resolution for TAP approaches the natural bandwidth for oxygen 
(~ 2 eV}. The difference in performance is underlined by the separation of the chromium 
Le and L& emissions using TAP (Fig. la} but not with laurate (Fig. lb). Good spectrai 
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FIG. 1.--Cr La and L8 peaks: (a) TAP, (b) laurate lst order, (c) laurate 2nd order. 


resolution of the diffracting crystal is needed also when the detailed structure of the 
characteristic x-ray emission (peak shape modifications) is being explored since it can be 
related to the nature of the chemical bond between constituent atoms. Such effects are 
well documented and accurate measurement of x-ray emission profiles can provide useful 
complementary information on the structure of the specimen. As an example (Fig. 2a) 
oxygen peaks obtained with TAP show that CuO (upper curve) may be clearly distinguished 
from Cu,0 (lower curve). Such chemical shift effects occur whenever valence electrons 


are involved in the transitions that lead to x-ray production, and Fig. 2(b) shows iron L 
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spectra from metal and from oxides, Note that the Lo/L8 intensity ratio increases with 
increase in oxidation state. 


(a) (b) 


FIG. 2.--TAP analyzing crystal: (a) oxygen peaks from copper oxide, (b) iron L peaks 
from iron and iron oxides. 


The ability of a diffracting crystal to separate closely spaced x-ray lines is also 
affected by the Bragg angle at which the lines are diffracted, i.e., the dispersion of the 
crystal. The Cr La and Cr Lg lines are not normally resolved with either stearate or 
laurate (see Fig. lb from laurate, where 8 = 18°), but can be separated by use of a 
second-order reflection (Fig. Ic, 6 = 38.2°) This result indicates that, whenever feas- 
ible, advantages may be gained by operating at a high Bragg angle. However, for quantita- 
tive analysis the total characteristic x-ray intensity is needed, which means that the 
full width of the peak must be integrated in such measurements. The minimum detection 
limit (MDL) is determined by spectral resolution and by diffraction efficiency of the 
crystal and may be calculated from MDL = 3cvB/P, where c is the weight concentration, B the 
background, and P the peak intensity. Values of MDL for carbon, nitrogen, and oxygen 
obtained with different analyzing crystals are given in Table 1. These values depend on 


TABLE 1.--A = Spectral resolution in eV. B = Minimum detection levels in wt%; 200 s 
counting time; 7kV for C and N,12kV for 0; beam currents WD 200nA, ED 10nA. 


WD 


Stearate 
Oxygen (A1,0.,) 
Nitrogen (Si,N,) 


Carbon (SiC) 


the applied probe voltage (the optimum values being given here) and also on matrix 
composition. For example, estimates of nitrogen sensitivity would appear inferior when 
based upon titanium nitride, due to higher absorption and higher background, but better 
when measurements are referred to boron nitride. Although not apparent from Table 1, 
dispersion also affects the MDL, as illustrated in Fig. 4 obtained from 18Cr-8Ni-Fe alloy 
containing 0.5 wt% nitrogen. The nitrogen peak is clearly revealed using the laurate 
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Stearate 


Laurate 


2] 20 49 60 
pm 
FIG. 4.--Diffusion protiies for 
carbon, oxygen, and nitrogen in 
tufftrided steel. 


analyzing crystal, Fig. 3 (lower curve), and indeed much 
lower levels are detectable (Table 1). With the stearate 


FIG. 3.-- Trace through crystal, however, the nitrogen peak is not visible owing to 
nitrogen peak position on the high and steeply sloping background (upper curve), 
steel containing 0.5% because interfering second-order NiL radiation has not been 
nitrogen; upper curve effectively dispersed at the lower Bragg angle (18.8° for 
stearate crystal, lower stearate compared with 26.8° for laurate). 

curve laurate crystal. Before concluding this section, we should mention the 


problem of specimen contamination. Surface layers of 
carbon contamination present difficulties when low carbon concentrations are measured in, 
for example, steels and the reader is referred to Hren’ and Love ct al.? for further 
details. These problems can be overcome, however; Fig. 4, obtained from a nitrocarburized 
austenitic alloy,* is an interesting example of what can be achieved by use of WD 
spectrometers. 


Energy-disperstve Analysts 


Energy-dispersive analysis of ultra-light elements has become available only recently, 
since the introduction of "windowless" or thin-window systems. However, not only does the 
method suffer from inherently poor spectral resolution (Table 1), but a number of spectrum- 
processing problems have to be solved. First, a spectrum artifact arising from electronic 
noise must be dealt with by recording the noise with the electron beam switched off and 
then subtracting it from the spectrum of interest. Second, a small upturn in the noise- 
free spectrum occurs, possibly owing to incomplete charge collection, which needs to be 
separated from the genuine background by, for example, mathematical modeling." Only then 
can a method of background subtraction be applied for obtaining true peak intensities, but 
here another problem emerges since methods suitable for heavy-element analysis are found 
to be quite inappropriate in the low-energy region of the spectrum. However, a method has 
been recently developed® that has been shown to work well: MDLs for ultra-light elements 
obtained by this spectrum-processing technique are given in Table 1. The figures show 
that element detection sensitivities are some ten times worse than those obtained with WDS, 
a Situation not dissimilar to that for heavier element analysis. In point of fact, even 
these EDS values are probably over optimistic because of the overlap problems arising in 
much practical work. Certainly, the 0.5 wt.% nitrogen level in steel clearly revealed 
when WD is used (Fig. 3, laurate crystal) was undetectable with ED. Nevertheless, 

Fig. 5(a) illustrates that higher levels (6 wt.% nitrogen in a nitride layer on steel) 
can be measured satisfactorily, provided that an accurate background (dotted line) is 
established, from which an informative nitrogen diffusion profile may then be constructed 
(Fig. 5b). 


Correction Procedure for Quantitative Analysis 


The majority of quantitative programs include an absorption correction based on the 
method of Philibert;°® since it cannot deal adequately with ultra-light elements’ and because 
the absorption correction is the largest of the factors incorporated into a quantitative 


95 


SSE ESRB ISU SE ee ecto reece elena cenalede Bde MR Re A A 


Nitrogen K wth 


Nitrogen 


40 800 pm 
Gay: ee (o) 
FIG. 5.--ED analysis of nitrided steel: (a) nitrogen peak from nitrided case, 
(b) nitrogen diffusion profile. 


routine, it is not surprising that corrected light-element data obtained by this method 
are inaccurate, in many cases by as much as 20%. Improvements in correction programs have 
therefore concentrated on the absorption correction and new procedures have now been 
developed in which the RMS errors for ultra-light elements have been reduced to less than 
5%, and for the heavier elements to v3%. For a more detailed discussion of these new 
methods, the reader is referred to our other paper in this volume. §® 


Coneluding Remarks 


WD spectrometry may be successfully applied to the analysis of ultra-light elements 
down to concentrations of 0.02 wt.%, depending on the system studied and provided that the 
experimental conditions are optimized. However, ED methods are much less sensitive and in 
some systems even a few percent may remain undetected. Nevertheless, ED has still a useful 
role to play in ultra-light element analysis, especially when one is dealing with beam- 
sensitive materials,? because much lower beam currents are needed. Also, WDS may be use- 
fully applied to studies of chemical shifts, whereas EDS is quite inappropriate there. 
Finally, suitable spectrum-processing methods are now available for ED work in the low- 
energy region and correction procedures have been developed that may be confidently applied 
to quantitative analysis of ultra-light elements as well as heavier elements. 
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SURFACE QUANTIFICATION IN THE ELECTRON MICROPROBE 


Rod Packwood, V. S. Sastri, and J. D. Brown 
It has been noted elsewhere! that the microprobe can detect a single monolayer of atoms. 

In fact the x-ray signal generated by 10kV electrons is large enough and the background gen- 
erally small enough so that one can expect to see surface concentrations down to 0.1 mono- 
layer equivalent without going to extremes in terms of electron beam current or counting 
times. 


Surface Quantttatton 


Although the microprobe is not a surface analysis instrument that only senses the outer 
layers of a sample, there are circumstances when surface quantification is not only possible 
with the microprobe but when the microprobe may even be the method of choice. Those circum- 
stances are as follows. 


1. When the specimen of interest is, in the surface analysis sense, contaminated; when, 
in other words, it would require cleaning prior to analysis and hence might be changed in 
the process. An electron beam will pass unaffected through modest amounts of surface con- 
tamination to generate x rays in the layer; in turn, x rays can escape through the contami- 
nation without appreciable loss in intensity. 

2. If quantitative information is required, then the microprobe really excels; the 
physical parameters required for quantification, $,; the ionization potential $(pz) in terms 
of Yor & and B?; the absorption coefficients, etc., are all known with sufficient accuracy 
that one can expect to make absolute measurements with errors of less than 10%. 

3. If an unused or untreated surface is available for reference, measurements are that 
much easier because the necessity to determine background intensities by offsetting the 
spectrometers is eliminated. It also helps to know what elements may be present or what a 
client may have tried to do with a specimen. In principle, one could search for each of the 
more than fifty elements that may exist on a surface. However, analysts with the necessary 
patience are normally only to be found at monasteries in mountainous regions. 


In the above it is taken for granted that the layer of interest is chemically different 
from its surroundings and will not be vaporized by the electron beam. 

Some aspects of condition (2) are worthy of further explanation. The observed intensity 
ratio for element A, Kg({A), is given by 


foe) 


Ks(A) = oC (A)/ : a $02) sexp(-xez) doz (1) 


where C,(A) is the surface concentration of A; the integral refers to pure A and can be 
evaluated very easily. $¢({pz) is given by the modified Gaussian formulation?®>* 


(pz) = yoexp(-9%9z7) - (Yo - do)exp(-07p2% - 8pz) (2) 
and o& is given by° 

Authors Packwood and Sastri are at the Canadian Center for Mineral and Energy Technolo- 
gy, 568 Booth Street, Ottawa, Ontario, K1A 0G1; author Brown is at Engineering Science, 


University of Western Ontario, London, N6A 5B9. The authors thank Dr. J. R. Brown for the 
ion-milling and V. E. Moore and V. C. Chartrand for their technical assistance. 
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where R is the backscatter correction factor of Duncumb and Reed® and the other symbols have 
their usual meanings. Y, and 8 are listed in reference 2. For x rays in the soft x-ray re- 
gion, i.e., below 1 keV, generated in a medium atomic number and density material by a beam 
of 5 kV electrons, the 3/20 range will be of the order of 1000 A. When large values for the 
x-ray absorption coefficients which are the norm for this region are taken into account, the 
mean penetration depth observed in the microprobe is typically 200 A or less. Choosing a 
low x-ray take-off angle by tilting the specimen and/or inclining the electron beam with re- 
spect to the surface will further decrease the effective penetration and enhance the rela- 
tive importance of the surface layers. 


Langmutr-Blodgett Layers 


Although there are some reports in the literature of submonolayer detection limits with 
the microprobe and related instruments, >* for the most part the limits are based upon ex- 
trapolation from thicker layers. There appeared to be a lack of known monolayer specimen 
material for use as standards. On the other hand the Langmuir-Blodgett layers of the lead 
stearate pseudo crystals used on the microprobe to diffract soft x rays would seem to have 
just the right sort of properties. The layers are relatively easy to manufacture, '° ") and 
although some care must be taken to insure that the desired metal-stearate reaction is com- 
plete, they can be formed for a number of bivalent metals and carry one metal atom per 40 A 
squared. The layers are formed in pairs when a substrate is dipped in and out of the solu- 
tion in the Langmuir trough. Thus, a single dip cycle should leave on the substrate one 
metal atom per 20 A squared of surface embedded within close packed pairs of stearate mole- 
cules on the surface, representing a thickness of approximately 50 A of hydrocarbon film. 
This idea was tested for a number of metals. Shown in Fig. 1 are preliminary results ob- 
tained with magnesium, calcium, and barium stearates deposited on polished aluminum sheet. 
The linear relationship between intensity and numbers of dipping cycles is very gratifying. 
For magnesium stearate, the surface concentration per double layer is predicted to be 1.93 
a A g cm. The amount observed was 1.8 x 10°§ g cm“. Obviously, the magnesium 
stearate was not fully formed at the pH used for these deposits. Compared with magnesium 
metal, the Langmuir-Blodgett double layer contains \ 2/3 of a mono-layer equivalent of met- 
al. 


> 


Depth Distrtbutton 


Although the x-ray signal comes from an overall depth of material it is possible to de- 
duce something concerning the whereabouts of surface or near surface deposits. One can do 
so either by changing the accelerating potential and observing the changes in apparent con- 
centration ratio,! or by taking a leaf out of the ESCA-Auger operating manual and using the 
ion-mill in conjunction with the microprobe as a means of depth profiling. Most microprobes 
have no ion guns, so that any ion-milling will have to be done elsewhere. The curve shown 
in Fig. 2 was obtained in just this fashion. A thin copper film was evaporated onto a 
stainless-steel specimen and subsequently ion-milled at a constant rate for different times. 
Although exploratory, the results clearly indicate the potential gains to be made by mount- 
ing an ion gun to the microprobe. The alternate method that varies the accelerating poten- 
tial is beautifully expounded in the work by Butz and Wagner, ° who show that the intensity 
from a surface film of tungsten (36 A) on molybdenum is first observed at about 3 kV and 
from there increases rapidly rather like the excitation cross section, whereas 0.24 wt% 
tungsten in molybdenum only becomes detectable at around 10 kV and then increases in roughly 
the same manner as the electron range, i.e., as (E, - Ee)”. 


Surface Analysts wtth Energy-dispersive X-ray Spectrometer (EDXS) 


The implicit assumption to this point that a microprobe equipped with a good crystal 
spectrometer is used for analysis begs the question whether anything can be done on an SEM 
with an EDXS. Figure 3 shows a sequence of spectra from a stainless-steel specimen that had 
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FIG. 1.--X-ray intensities vs dipping 
cycles for magnesium, calcium, and 
barium stearate Langmuir-Blodgett 
layers. 
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FIG. 2.--Cu Lo x-ray intensity vs ion 
milling time on 375A copper on stain- 
less steel; 10kV accelerating poten- 
tial. 


FIG. 3.--EDXS spectra from copper films on 
stainless steel: (a) none, (b) 375 A copper, 
(c) 40 A copper; 20kV accelerating potential 
and 200 s counting time. 
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35-40 A of copper and 375 A of copper deposited on its surface. In making the analyses, 
care was taken to insure that all samples were at the same angle of tilt and height with 
respect to the electron beam and the EDXS. The x-ray counts in the Fe Ka peak was used to 
control the counting time, thus effectively integrating the electron beam current. 


Conelustions 


Given certain conditions, the microprobe can perform adequately as a surface analysis 
instrument; i.e., it is possible to determine most of the species present on a substrate and 
their depth concentration profiles. The SEM-EDXS combination is not as powerful a combina- 
tion, but is capable of detecting, for example, 40 A of copper on stainless steel. 
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QUANTITATIVE CALCULATIONS FOR COMPOSITIONAL MAPPING TECHNIQUES IN ELECTRON PROBE 
MICROANALYSIS 


R. L. Myklebust, R. B. Marinenko, D. E. Newbury, and D. S. Bright 


X-ray maps of various elements in a Spec tien have been a popular method for presenting 
electron microprobe data for many years.” These maps have been an effective way of 
localizing the elements within the specimen; however, no quantitative information could be 
obtained from the maps. With the advent of computer-controlled electron microprobes, it 
has become possible digitally to step the electron beam in a raster pattern across the spec- 
men surface, pausing at each point to accumulate x rays for eacn element. The data col- 
lected at each of these points can then accumulate for background and compared to a 
standard to obtain an intensity ratio (k-value). These k-values are then processed by a 
quantitative data-~reduction program such as the NBS FRAME program to obtain quantitative 
elemental information at each point.? Display of these arrays as images gives a true 
compositional map of each element in the specimen, because the brightness of each point 
(pixel) is directly proportional to the amount of the element present at that point. 
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Instrumentatton and Data Aequisttton 


The techniques for collecting the data with wavelength-dispersive spectrometers is 
described in a separate paper in the present volume by Marinenko et al.> Maps of x-ray 
intensities on standard specimens and on unknown specimens have been collected by these 
techniques and have been transferred to a Digital Equipment Corporation VAX 11/780* for 
processing and display on a DeAnza IP8500* image analysis system. 


Calculations 


The images collected at low magnification (200-800x) suffer from severe spectrometer 
defocusing on both the standards and unknowns. The background is almost entirely con- 
tinuum which should show the defocusing effect if a single wavelength only were measured. 
However, the spectrometer is always focused on some wavelength of the continuum that 
varies with beam position. Since the continuum intensities can be considered equal over 
the small range of wavelengths involved, the background counts do not demonstrate any 
defocusing, and a single value for the background counts for each element could be used. 
As a first step in the data reduction, all counts are converted to counts per second and 
corrected for dead time. The dead-time correction is particularly important in this case 
since high count rates are used to minimize the data collection time. 

The k-ratios for each element are then computed at each point in the array by division 
of the counts from the unknown by the counts from the standard at the corresponding point 
in the standard array. We assume that this technique of computing k-values corrects for 
the spectrometer defocusing, since the defocusing should be the same for both the standard 
and the unknown if nothing else is changed. A matrix correction procedure (FRAME) is then 
used to compute the concentrations for each element at each pixel. The resulting concen- 
tration maps are then displayed through the image analysis sytem. 

To test the validity of this approach, SRMs known to be homogeneous on a 
micrometer scale were mapped and the resulting data were statistically analyzed. The maps 
for homogeneous gold-silver alloys are shown in Fig. 1, together with the intensity maps 
for the pure element standards. The contours on the intensity maps show the spectrometer 
defocusing for each of the spectrometers. The lack of contours on the concentration maps 
shows that all of the concentration data were within one gray-level ramp (+10% concentra- 
tion) for these images. Table 1 lists the compositions obtained from nine different 
regions of one of the alloys and the corresponding intensities for the same regions. 


The authors are at the Center for Analytical Chemistry, National Bureau of Standards, 
Gaithersburg, MD 20899. “Certain commercial equipment, instruments, or materials are iden- 
tified in this paper to specify adequately the experimental procedure. Such identifica-~ 
tion does not imply recommendation or endorsement by the National Bureau of Standards, nor 
does it imply that the materials or equipment identified are necessarily the best avail- 
able for the purpose. 
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(a) (b) 
FIG. 1.--Concentration maps of gold-silver alloys: (a) silver maps, (b) gold maps. In each 
group of four, pure-element intensity map is at upper left. Upper right is the concentra- 
tion map of the 80Ag-20Au alloy, lower left is the 60Ag-40Au alloy, and lower right is the 
40Ag-60Au alloy. The strip along the bottom shows gray-level ramps in images. 


TABLE 1.--Comparison of x-ray intensities and concentrations from different areas on an 
alloy specimen of 80Ag:20Au. Intensities are in counts and concentrations are in mass 
fractions. The population standard deviation for the concentrations is 0.006 for both 
silver and gold. The nine areas are arranged in three rows of three columns as shown in the 
following pattern. 


12 3 

45 6 

78 9 

Area no. Intensity AgL Conc. Ag Intensity AuM Conc. Au 

1 22451 0.781 1107 0.215 
2 22868 Pat gi 1312 -215 
3 17265 2765 1481 2213 
4 19647 0779 1467 214 
5 23506 2773 1577 211 
6 20633 -770 1632 e211 
7 16714 ~ 780 1629 212 
8 22194 780 1598 e2il 
9 23108 0773 1507 2210 


Discusston 


The compositional maps appear to be quite uniform even though the intensity maps from 
which they were generated showed serious defocusing problems. The lithium-drifted- 
silicon [Li(Si)] energy-dispersive detector can produce these images much easier since it 
can look at a rather large area on the specimen without any loss in intensity due to 
defocusing. Another advantage of the Li(Si) detector is the ability to collect data on 
any number of elements simultaneously. However, there are some serious disadvantages to 
using a Li(Si) detector for compositional maps. The Li(Si) detector must look at the 
entire spectrum instead of only the x-ray energy of interest; therefore, the counting 
rate on each element is considerably lower than for the wavelength spectrometer and each 
data point requires a longer counting tiem. A lower beam current must also be used for a 
Li(Si) detector to keep the dead time from becoming too large. 

The wavelength-dispersive spectrometer can collect data at a high counting rate, which 
reduces the time required to collect an image. The high peak-to-background ratio for the 
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wavelength-dispersive spectrometer allows elements with low concentrations to be measured 
in a reasonable length of time. It is particularly useful at high magnifications, where 
the defocusing problem is minimized. 

We are studying some other methods of correcting for the defocusing problem, such as 
attempting to model the intensities across an image. This would eliminate the necessity 
of measuring an entire array on each pure element standard. 
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"PAP" ¢(oz) PROCEDURE FOR IMPROVED QUANTITATIVE MICROANALYSIS 


J. L. Pouchou and F. Pichoir 


A new general model for quantitative microanalysis of homogeneous or layered samples has 
been developed’~° and incorporated to the CAMECA software under the name "PAP.'" As opposed 
to the usual models (generally conceived for computing moderate correction factors), the 
‘PAP model has been designed for computing accurately the characteristic emerging x-ray 
intensities, even when absorption and atomic number effects are large. 


Baste Concepts 


The principal feature of the "PAP" program resides in a novel description of the ioni- 
zation functions $(pz) allowing a combined computation of the absorption and Z effects. 
Considering that the modified Gaussian form we had tried some years ago was too restric- 
tive, we have now adopted for $¢(pz) a polynomial expression, the coefficients of which are 
deduced from four parameters which characterize the distribution $¢(pz): the surface ioni- 
zation ¢(0), the sultimate depth of ionization R,, the depth Rq of maximum ionization, and 
the integral F of the distribution, which represents the number nj of primary ionizations 
produced on a given level j: 


R. 

ny = C,Q;"CB,) « N/AS, (02) doz) 
This approach differs basically from other recent ¢(pz) approaches,’’® since the inte- 
gral F of $(pz) does not depend on any empirical shape parameters, but is calculated theo- 
retically before being used as one of the parameters characteristic of the distribution. 
This particular procedure insures the area of the distribution is realistic in all cases 
and varies correctly with the electron energy. 

The primary intensity is computed from a modified form of the Coulon-Zeller? model for 
the backscattering factor R, an ionizationcross section proportional to 1n(U)/U" (with m 
close to 0.9 for K levels and close to 0.8 for L and M levels), and a semi-empirical elec- 
tron retardation law’? that reduces the computation time and is claimed to be more adequate 
than the usual Bethe's expression at low accelerating voltages. 

The ultimate ionization depth R, is expressed as a fraction Q(U,Z) of the total ioniza- 
tion range R,, which is calculated using the above-mentioned retardation law. 

The depth R, corresponding to the maximum of ¢(pz) is expressed as a function of R,, Z, 
and U. 

The surface ionization $({0) is a function of the backscattering coefficient n, the over- 
voltage U, and the atomic number Z. 


Application to Conventional Microanalysts 


The realistic ${pz} functions involved in the ''PAP'' procedure allow to perform highly 
reliable quantitative analysis with soft x rays, even at high accelerating voltages. 
Therefore, this model is particularly suited for light and ultralight elements analysis, 
medium Z elements analysis by L lines, and heavy elements analysis by M lines. Several 
examples will show the improvements of the results obtained in these fields (Fig. 1). 

Apart from the computation of corrective factors in conventional microanalysis, the 
"PAP"! model may be applied to an other type of application: the determination of unknown 
or uncertain mass absorption coefficients of soft x rays. For this purpose, a program 
called "PAPMAC" has been included recently in the CAMECA software that deduces the mass 
absorption coefficient from an automatic fit of the emerging intensity data measured at 
variable accelerating voltage on a known sample. Examples relative to ultralight emitters 
(B,C) and to L lines of medium Z elements (Ni, Cu, Ga, As) illustrate the reliability of 
the method. 


The authors are at the Office National d'Etudes et de Recherches Aérospatiales, 29 
Avenue de la Division Leclerc, F-92320 Chatillon, France. 


104 


PRET TICen RIT Rin Tos RE ee ee ee acs Le a a 


68 


284 analyses 


u PHILIBERT mode] 
4 49-009 
2 Average: 1.024 
ie R.M.S.: 8.54 % 
de 
a 
o 
2 20 
3 
Zz 

Qa. 

6G 

284 analyses 

® RUSTE model 
.40 
2 Average: 1.071 
= R.M.S.: 11.63 
ty. 
o 
i 
o 
2203 
a 
Zz 

8.4 @.6 8.8 1.6 1.2 

6a 

284 analyses 

2 P.& P. model 
ee  — 
7 Average: .99¢2 
. R.M.S.: 2.93 % 
6 
o 
220 
3 
= 

@.4 B.6 9.8 1.9 1.2 


Kcalce/Kexp ----- > 


FIG. 1.--Error histograms obtained 
using Philibert, Ruste, and "PAP" 

models for 234 analyses involving 

strong absorption corrections. 


Appltcatton to Superfictal Analysts 


The realistic character of its ¢(pz) functions 
allows the ''PAP"™ model to be extended to the 
quantitative analysis of specimens having a depth- 
dependent composition (particularly layered speci- 
mens). Even when a noticeable variation of atomic 
number is associated with the layered structure, 
the principle of a continuous ionization function 
may be maintained; each of its four characteristic 
parameters is equivalent to those of fictitious 
homogeneous samples defined from the distributions 
in depth of the elements present in the real 
specimen. 

A graphic restitution by a conversational pro- 
gram of the K-ratios measured at variable accel- 
erating voltage gives simultaneously access to 
the composition and mass thickness of superficial 
layers, in the typical range 10-1000 nm. 

In the particular case of a single layer on a 
substrate of known composition, it may be suffi- 
cient for a complete characterization of the layer 
to operate only at one accelerating voltage, pro- 
viding that ultimate ionization depth correspond- 
ing to this operating condition is significantly 
greater than the film thickness. Several examples 
illustrate the quantitative capabilities of "PAP" 
model for thin superficial films analysis. 


References 


1. J. L. Pouchou and F. Pichoir, "Extension des 
possibilités quantitatives de la microanalyse X 


par une formulation nouvelle des effets de matrice," 


ICXOM 10, J. Physique Collog. 45(c2): 17-20, 1984. 


2. J. L. Pouchou and F. Pichoir, "Analyse 
d'échantillons stratifiés a la microsonde élec- 
tronique,'' ICXOM 10, J. Physique Collog. 45(C2): 
47-50, 1984. 

3. J. L. Pouchou and F. Pichoir, "A new model 
for quantitative analysis: Part I. Application to 
the analysis of homogeneous samples," La Recherche 
Aérospattale 3: 13-38, 1984. 

4. J. L. Pouchou and F. Pichoir, "A new model 
for quantitative analysis: Part II. Application to 
in-depth analysis of heterogeneous samples," La 
Recherche Aérospattale 5: 47-65, 1984. 

5. J. L. Pouchou and F. Pichoir, 'Possibili- 
tiés d'analyse en profoundeur a la microsonde 
électronique,'' J. Mter. Speetrose. Electron. 9: 
99-100, 1984. 

6. J. L. Pouchou, F. Pichoir, and F. Girard, 
"Application de la méthode de Monte-Carlo a 
l'analyse de couches minces déposées sur sub- 
strat," J. Mtero. Spectr. Eleet. 5: 425-441, 1980. 


7. R. H. Packwood and J. D. Brown, "A Gaussian expression to describe (pz) curves for 
quantitative electron probe microanalysis," X-ray Spectrometry 10: 138-146, 1981. 

8. G. F. Bastin, H. J. M. Heijligers, and F. J. J. Van Loo, "Evaluation of the use of 
Gaussian ¢(9z) curves in quantitative electron probe microanalysis: A new optimization," 


105 


X-ray Speetrom. 13(2): 91-97, 1984. 

9. .C. Zeller and J. Coulon, "Determination théorique du facteur de rétrodiffusion en 
microanalyse par é6mission X,'' C. R. Acad. Set. 276(B): 215-218, 1973. 

10. J. L. Pouchou, "In-depth analysis if layered samples using the electron micro- 
probe," %P ONERA 109: 1-10, 1984. 


106. 


; J. T. Armstrong, Ed., Microbeam Analysis—1985 
Copyright © 1985 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


THE EFFECT OF IMPERFECT FOCUSING ON X-RAY INTENSITIES IN THE ELECTRON MICROPROBE 
M. A. Short and K. P. Helmold 


The focusing of x rays by linear crystal spectrometers has been discussed in some detail by 
Heinrich.’ He comments, in particular, on the difference in sensitivity between vertical 
and inclined spectrometers due to variations in specimen elevation. This difference has 
been graphically illustrated by Bishop* (as quoted by Ruste’) who measured intensity changes 
over a distance of more than 3000 ym. For practical electron microprobe analysis, however, 
we are concerned with changes in intensity associated with difficulties in the exact focus- 
ing of the sample on the Rowland circle. Experience shows that it is most unlikely that the 
error in elevation will exceed +10 um. 

In this paper we present the results of measurements of x-ray intensity losses over a 
range of £10 um from the nominal focusing circle for both vertical and inclined crystal 
spectrometers. The results include measurements for different crystals and for different 
Bragg angles. 


Expertmentatl 


All measurements were made on a Cameca MBX electron microprobe equipped with both verti- 
cal and inclined spectrometers with LiF, PET, and TAP crystals for Bragg angles ranging from 
14° to 43°. Two separate determinations of x-ray intensity were made at each different sam- 
ple elevation for each combination of crystal, spectrometer, and Bragg angle used. The two 
determinations were: (a) with the crystal spectrometer aligned (peaked) with the sample on 
the Rowland circle, as determined by the optical microscope, and left at that setting for 
measuring the intensity at the different sample elevations; and (b} with the crystal spec- 
trometer realigned at each sample elevation prior to measuring the x-ray intensity. The 
usual precautions were taken to insure that any changes in intensity that might occur were 
not obfuscated by the buildup of carbon contamination or by the accumulation of total counts 
which were not statistically meaningful.* When ambiguous results caused by only very small 
changes in intensity were encountered, experiments were repeated until plausible and consis- 
tent results were obtained. 


Results 


The results for a selection of crystals, spectrometers, and Bragg angles are shown in 
Table 1. The table shows percentage change in intensity per 10um change in elevation and 
the change in the sine of the Bragg angle per 10um interval found in those measurements in 
which the Bragg angle was redetermined as the sample was elevated. 

From the results shown in Table 1, it is evident that the following generalizations can 
be made: 


1. As expected, the change both in x-ray intensity and in Bragg angle with respect to 
sample elevation over a range of +10umfrom the Rowland circle for the inclined spectrometer 
is essentially zero for all combinations of spectrometer, crystal, and angle. 

2. Changes in x-ray intensity with respect to sample elevation over the same range were 
observed for the vertical spectrometers, reaching 0.2% per 1 um for Si K determined with a 
TAP crystal. In all cases this change can be reduced to insignificant proportions by refo- 
cusing (peaking) the crystal spectrometer prior to measuring the x-ray intensity. 


An assessment of the overall accuracy of the méasurements shown in Table 1 can be ob- 
tained from acomparison of the expected and measured standard deviations (which are shown to 
one significant figure only). 


The authors are at Cities Service 0il and Gas Corporation, Box 3908, Tulsa, OK 74102. 
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The measured intensity changes for inclined spectrometer/TAP/Si K and Al K require some 
comment. A large number of repetitive measurements for all three scenarios showed no sta- 
tistically significant intensity changes at all for a distance of 20 um on each side of the 
Rowland circle. As the sample passed through the point of best optical focus, however, 
there was found every time an abrupt change of 0.2% in x-ray intensity. We do not know the 


reason. 


Conelustons 


The results suggest a preferred experimental procedure for cases where the optically de- 
termined sample elevation may be in error by more than 1 um. This procedure is to determine 
all major elements on vertical spectrometers, in principle refocusing a spectrometer each 
time before measuring the x-ray intensity; in practice this is of greatest significance only 
for low values of sin @. Minor elements (where the x-ray intensity is too low to determine 
the spectrometer peak position accurately) may be measured on an inclined spectrometer where 
the sample elevation does not affect the x-ray intensity. 

It is also clear that when Si K x-ray intensities are measured on a vertical spectrome- 
ter with a TAP crystal the spectrometer peak position should always be redetermined prior to 
measurement of the x-ray intensities unless there is absolute confidence in the elevation of 
the sample. We have found experimentally that the best results for both Si K and Al K are 
obtained if the spectrometer is refocused for every measurement. 
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TABLE 1.--Intensity and Bragg angle changes for a selection of spectrometers, crystals, 
and radiations. 


Measured 

Spectro- ; Approx- Peak Posi- Intensity Standard Standard Measured 

meter Radia~ imate tion Rede- Change Deviation Deviation Change in 
Geometry Crystal tion Sin 9 termined per 10um from N2 Measured Sin @ per 10um 
Inclined LiF Tik 0.68 Yes 0 0.2% 0.2 40, 

Vertical LiF Tik 0.68 Yes 0 0.2% noe : anaes oe 
Incl ined LiF Tik 0.68 No 0 0.2% 0.2% -- 

Vertical LiF TiK 0.68 No 0.3% -- -- -- 

Vertical PET MnK 0.24 No 0.8% == -- -- 

Vertical PET Mnk 0.24 Yes 0 0. ° Fe 

Vertical PET PdL 0.50 No 0.3% ng mg ee 
Vertical PET Pdi 0.50 Yes 0 0.5% 0.5% 0.00005 
Inclined LiF Fek 0.48 Yes 0 0.5% 0.5% 40.00002 over 80um 
Inclined LiF FeKk 0.48 No 0 0.08% 0.08% -- 

Vertical LiF FeK 0.48 Yes 0 0.5% 0.6% 0.00004 
Vertical LiF FeK 0.48 No 0.3% -- -- -- 

Vertical TAP ZaL 0.48 Yes 0 0. -- . 

Vertical = TAP ZnL 0.48 No 0.2% a ae a 
Vertical TAP Sik 0.28 No 2.0% -- -- -- 

Vertical TAP Sik 0.28 Yes 0.1% -- -- 0.G0009 
_ Inclined TAP Sik 0.28 Yes £0.1% over 40um 0.06% -- £0.00001 over 60um 
Inclined TAP Sik 0.28 No *0.1% over 40um 0.06% -- -- 

Inclined TAP AlK 0.32 No 40.1% over 40um 0.06% -- -- 
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Biological Microanalysis 
EVIDENCE FOR CELL VOLUME REGULATION IN RAT SKELETAL MUSCLE 


Mary Jo Ingram and F. D. Ingram 


When exposed to a hypertonic bathing medium, many types of cells respond with a regula- 
tory volume increase that returns cell volume toward normal after an initial shrinkage.+73 
In vivo studies of cell volume regulation are complicated by central systems that control 
plasma osmolality and may mask intrinsic properties of the cell. Pollock and Arieff" pre- 
sented data from in vivo studies suggesting that skeletal muscle may not have volume regu- 
lation properties. The present study examined the response of isolated intact muscle to 
hypertonic challenge to determine whether cell volume regulation is an intrinsic property 
of rat skeletal muscle. 

Although electron probe microanalysis is labor intensive and hence not the method of 
choice for most cell volume regulation studies, nevertheless, it provides a number of 
advantages for studying cell volume regulation. With the proper choice of preparation 
methods and operating parameters, cell volume, intracellular water, and important intra- 
cellular electrolyte concentrations can be measured simultaneously in individual cells. 
With conventional methods, most of those parameters can be computed only indirectly. 

Measurement of cell water is straightforward when tissue is either frozen hydrated or 
embedded with an appropriate embedding medium.® For studies of cell volume regulation, 
in which only change in volume is needed rather than absolute cell volume, change in cell 
volume is assessed from the characteristic x-ray data of an element endogenous to tissue 
solids. Sulfur has been found useful for this purpose with freeze-dried, embedded 
tissue. If the concentration of tissue solids [TS] is proportional to sulfur concentra- 
tion [S], 


[TS] = a[S] (1) 


where a is the constant of proportionality. Further, assume that no detectable change in 
cell solids content occurs in response to an osmotic stress; i.e., 


(TS Mass) , = (TS Mass) . (2) 
By definition _ (TS Mass) 
or (TS Mass) = V{TS] (4) 
where V is cell volume. 
Then from Eq. (2), V{TS] , = V [TS], (S) 
and from Eq. (1) V a(S]. =V als]. (6) 
or ve z [S]. (7) 
Ve [S], 


The determination of cell volume change by use of the S Ka signal is not possible unless 
tissue is embedded or fully hydrated. In addition, the ZAF correction factor for the 

S Ka signal must be identical for both the experimental and control tissue. In the work 
presented here, both control and experimental tissue are embedded in the same plastic. 
Because the embedding material makes up approximately 80% of the sample, the criterion 
that the ZAF correction factors be identical in both sets of tissue is met. Yet the 
estimation of cell volume change from the ratio of characteristic S Ka x-ray signals will 
not be accurate if appreciable sulfur enters or leaves the cells. : 


Alternatively, cell volume change can be determined from information on tissue solids 
derived from the intracellular water data. Similar to the sulfur ratio method, cell 


The authors are at the USDA/ARS Children's Nutrition Research Center, Department of 


Pediatrics and the Department of Physiology, Baylor College of Medicine, Houston, TX 
77030. USDA/ARS support is acknowledged. 
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volume change can be determined from the ratio of experimental to control cell solids con- 
centration, which comes directly from Eqs. (2) and (4). The determination of cell volume 
change from data on tissue solids will be accurate only if there is no net movement of 
tissue solids across the cell membrane. The cell volume size will be underestimated with 
the tissue solids method if sufficient material enters the cell to change the mass of 
solids in experimental cells. Agreement between the two methods of estimating cell volume 
change provides strong evidence that mass of cell solids has not changed as a result of 
the experimental procedure. When there is disagreement between the two estimations of 
cell volume change, it can be determined by the sense of the disagreement whether solids 
have entered or have left the cell. 

A third method to estimate cell volume change proposed by Tosteson and Hoffman® for 
use with conventional methods could also be used with electron probe microanalysis. The 
method involves comparing the sum of intracellular electrolyte concentrations, [ ] + 
[Na] + [Ci], in control tissue with the sum of electrolyte concentrations in experimental 
tissue. The method is too simplistic for general application, however, because it assumes 
that the only response of cells to an osmotic challenge is the movement of electrolytes 
and water across the cell membrane; i.e., it does not accommodate the involvement of other 
entities such as H ions or amino acids in the cellular response to osmotic challenge. It 
also assumes that the activity of each electrolyte is the same as the concentration. 

Lumbricals from the hind feet of young rats were selected for the study of the 
response of skeletal muscle to osmotic challenge because of their size, nature, and 
number. Six muscles of a uniform fiber type, approximately 8 mm long and 0.5 mm thick, 
can be obtained from each animal. The lumbricals are sufficiently numerous to simplify 
the treatment of controls, and their small size insures good perfusion of incubation solu- 
tions and permits excellent cryofixation by quench-freezing or freeze-clamping. 
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Methods 


Intact lumbricals were removed from anesthetized 250g rats. Each muscle was 
stretched to approximately 125% of resting length and mounted on simple, individual 
plastic forms with one of a series of color-coded threads. After dissection, the muscles 
were placed in normal, buffered, oxygenated bathing solution at 37 C for approximately 
1h. The muscles then were distributed among a series of bathing solutions described in 
Table 1. A minimum of one muscle from each animal was incubated in the control solution. 
Composition of the various solutions was identical except for solution osmolality which 
was adjusted with lactose. After a 40 min incubation at 37 C and gentle bubbling with 
95% O, and 5% CO,, the muscles were removed from the vials and plunged by hand into 
chilled liquid propane. Frozen muscles were stored under liquid nitrogen until a portion 
of the frozen muscle was mounted in a freeze-dry apparatus. Tissue was dried at approxi- 
mately -80 C, fixed with osmium tetroxide vapor, and embedded in EPON 826 containing 
approximately 80 mmol kg ~ Br. Embedded tissue blocks were sectioned with a dry glass 
knife to expose muscle fibers in cross section, and a thin section was stained and mounted 
for light microscopy. The faced block was mounted for thick sample analysis along with a 
set of pure crystal secondary standards and coated with approximately 20 nm carbon.® The 
prepared tissue blocks were analyzed with a 10keV, 50nA electron beam in a fully auto- 
mated, Applied Research Laboratories, Model SEMQ, electron microprobe. Data were col- 
lected simultaneously from four wavelength-dispersive spectrometers and a KEVEX Si(Li) 
energy detector.’ Diffraction crystals used for this work were: PET (pentaerythritol) 
for S Ka and Cl Ka; TAP (thallium acid phthalate) for Br La; and RAP (Rubidium acid 
phthalate) for Na Ka. Continuum from 4.2 to 7.2 keV and K Ka were collected with the 
Si(Li) detector. 

Electron microprobe signals for the electrolytes were converted to numbers repre- 
senting wet weight concentrations by referencing characteristic x-ray counting rates 
through pure crystal secondary standards to counting rates on fabricated albumin 
standards.® Tissue water was assessed by observing the reduction in embedding plastic 
Br La signal as a result of dilution of the plastic by tissue solids.* Change in cell 
volume was inferred independently from the ratio of control-tissue S Ka signal_to— 
experimental-tissue S Ka signal. 
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TABLE 1.--Incubation solutions for osmotic experiment using isolated rat skeletal 

muscle (mEq/L). 

as ene nee 
mOsM/L K* Ci” Na* Ca** MG** HCOZ HPOZ ACET GLU ALA LEUC LACT 


309 46 114 147 18 1 25 2.3 8 g 5 5 5 
353 4.5 114 144 18 1 25 2.3 8 8 5 5 45 
381 4.5 114 145 1.8 1 25 2.3 8 8 5 5 7% 
406 4.5 114 145 18 1 25 2.3 8 8 5 5 100 


VOLUME CHANGE OF LUMBRICAL FIBERS: 
RESPONSE TO HYPERTONIC CHALLENGE 


RELATIVE CHANGE 
w 
on 


1.0R 1.13R 1.22R 1.31R 


BATHING SOLUTION RELATIVE OSMOLALITY 


FIG. 1.--Cell volume change with hyperosmotic solutions. Solid bars represent relative 
osmolality, hatched bars represent expected volume change, and open bars represent 
measured volume change. 


Results 


Fibers from each of the muscles incubated in hypertonic solutions shrank, but not to 
the extent expected of a perfect osmometer (Fig. 1). The volume of fibers incubated in 
the hypertonic solutions, in fact, had returned almost to the volume of control fibers. 
The expected volume change (depicted by the hatched bar in Fig. 1) was computed from the 
Van't Hoff relationship between osmolality and cell water volume. The open bar is the 
ratio of S Ka signal from control lumbrical fibers to S Ka signal from experimental animal 
lumbrical fibers. This ratio of sulfur signals was interpreted as the volume change in 
experimental animals in response to the osmotic challenge. 


Dtscusston 


More effective cell volume regulation was demonstrated in the lumbrical fibers that 
were incubated in the more hypertonic solutions. In a study of the response to hyper- 
tonicity as a function of time, we have observed that volume regulation was complete in 
less than 4 min for lumbricals incubated in a 385mosm 17! solutions. Because regulation 
may occur at a slower rate for fibers stressed with less hypertonic solutions, future 


lil 


studies will be of longer duration to determine whether muscles incubated in less hyper- 
tonic solutions are capable of regulating cell volume as effectively as those in more 
hypertonic solutions. Special attention will be given to the mechanisms that effect 
regulatory volume increase when cells are challenged with hypertonic solutions. 
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ELECTROLYTE SHIFTS IN THE ISCHEMIC HEART 
L. G. Walsh and J. McD. Tormey 


Myocardial ischemia (impaired blood flow to the heart) commonly leads to myocardial infarc- 
tion, the leading cause of death in the United States. The mechanisms by which ischemia 
leads to cell death are poorly understood, but are known to involve major shifts of electro- 
lytes both within cells and across cell membranes. The most dramatic changes tend to occur 
not during ischemia itself but shortly after reestablishment of normal blood flow. 

Such electrolyte shifts are difficult to study by conventional techniques. The suscep- 
tibility of individual cells and regions to cell death is highly variable. Attempts to 
study electrolytes in ischemia have mostly involved measurements of gross changes at the 
tissue level. Electron probe microanalysis (EPMA) is well suited for studying these pheno- 
mena, because damaged cells and subcellular constitutents can be individually analyzed 
apart from dead cells and extracellular fluid. 


Materials and Methods 


Male rabbits were anesthetized, their hearts were excised, and the right ventricular 
walls were removed and perfused via the right coronary artery. The perfusing solution in- 
cluded 1mM Ca and 5% dextran, and the ventricular walls were maintained at 37 C and pH 
7.35-7.40. The preparations were stimulated at 72 beats/min and their force development 
was monitored. Three conditions were selected for study. (1) Control preparations were 
frozen after 30 min at 37 C. (2) Ischemte preparations were frozen after an additional 60 
min of anoxia and no perfusion. (3) Reperfused preparations first received the same treat- 
ment as ischemic, but were frozen 5 min after perfusion was reestablished in a normoxic at- 
mosphere. Tissue was frozen between polished copper blocks that were cooled in LN,. Pieces 
were glued? to mounts, and thin cryosections were cut at -120 C. With the use of a Gatan 
cryotransfer stage in a JEOL 100CX microscope, sections were freeze-dried at temperatures 
up to -90 C, and were analyzed’ at -120 C. 


Results and Discusston 


Figure 1 summarizes the EPMA data. Separate bar graphs depict results from whole cells 
(exclusive of nuclei), myofibrils, and mitochondria. Four conditions are depicted. The 
reperfused measurements are divided into "dead" and "live" groups, based on the criterion 
that dead cells have a cell [K] less than 100 mM/kg dry weight. 

Although myofibrils and mitochondria constitute approximately 60% and 35%, respectively, 
of the normal sarcoplasmic volume, they do not include an additional ~ 5% that contributes 
to our cell measurements. [Much of this extra component is associated with T-tubules and 
sarcoplasmic reticulum (SR}.] In the case of control hearts, the [Ca] of myofibrils and 
mitochondria (weighted by 0.60 and 0.35, respectively) explains 90% of the [Ca] measured 
over the cells. 

The control concentrations differ from those we previously reported for rabbit papil- 
lary (heart) muscles.” Cell [Na] and [Ca] are greater and [K] is lower than in the papil- 
lary preparation. These differences are related to the 5 higher contraction frequency and 
10° higher temperature in the present study. 


The authors are at the UCLA Department of Physiology, Center for Health Sciences, 
Los Angeles, CA 90024. LGW has been supported by M. L. Schulte and NIH fellowships. The 
work has been supported in part by Grant RO1 HL 31249 from the National Heart, Lung, and 
Blood Institute and by grants from the American Heart Association Greater Los Angeles Af- 
filiate and the Muscular Dystrophy Association. 
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cells, and 27, 26, and 29 measurements of cells, myofilaments, and mitochondria from dead cells. 


Ischemia markedly increases cellular [K]. Most of the increase is due to a 50% increase 
in [K] in the mitochondrial compartment. This increase is associated with a marked increase 
in mitochondrial hydration, presumably due to the inhibitory effects of hypoxia on ion 
transport by this structure. 

Ischemia produces a different pattern of Ca shifts: myofibrillar [Ca] is decreased, but 
mitochondrial and cellular [Ca] are unchanged. The data in Table 1 suggest that a substan- 
tial fraction of cellular [Ca] is not attributable to myofibrils and mitochondria. Thus the 
"third" compartment, as defined above, has become significantly Ca loaded. The Ca- 
accumulating component of this compartment is probably sarcoplasmic reticulum (SR). The low 
myofibrillar [Ca] also shows that the increased resting muscle tension accompanying ischemia 
is not directly due to increased Ca levels. 

The standard deviations for the ischemic muscles are nearly identical to the controls. 
Thus, with the possible exception of cellular Ca, ischemia causes no increase in cell-to- 
cell variation for the analyzed elements; i.e., the cells that are destined to live and 
those that are destined to die upon reperfusion have virtually identical electrolyte distri- 
butions. 

After 5 min of reperfusion a marked dichotomy, both morphological and microchemical, be- 
comes obvious. 

The cells exhibit wide variations in damage, but two cell types can easily be distin- 
guished. The more damaged cells have contraction bands (regions of condensed myofilaments), 
no sarcomeres, condensed nuclei, and mitochondria that are swollen and rarified. At no time 
are any dense, Ca-rich granules observed within the mitochondria. The less damaged group 
shows sarcomeric structure of varying density, no contraction bands, and mitochondria that 
are nearly normal in density and size. These changes are similar to those described by 
others using conventional preparations for TEM. 

These morphological differences correlate closely with the dead and live groups defined 
by EPMA. The contents of the 'more damaged" cells indicate that they are in fact dead, 
i.e., that their sarcolemmae are so severely damaged that their electrolyte contents ap- 
proach those of the ECF. In the live-reperfused group, most of the electrolyte shifts that 
develop after an hour of ischemia have at least partially reversed. In fact the [Na] and 
[C1] in all compartments are twice control values, whereas the decreases in [K] are moder- 
ate. The overall cell [Ca] is not different from that in ischemia, but it is distributed 
differently (Table 1): the myofibrillar [Ca] has risen significantly, which suggests that 
the high rest tension at this time might be due to Ca overload. The increase in mitochon- 
drial [Ca] indicates that mitochondria are playing a significant Ca buffering role, now that 
a Ca overload has developed. However, as was true with the controls, 90% of the cell Ca can 
be accounted for by the mitochondria and myofibrils. This suggests that, in spite of the Ca 
overload, the SR has released the Ca accumulated during ischemia. 

Though much remains to be done, it is clear that EPMA offers unique information to elu- 
cidate an extremely complex pathophysiological problem. 
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REDISTRIBUTION OF SUBCELLULAR ELECTROLYTES ACCOMPANYING THE INCREASED MYOCARDIAL 
CONTRACTILITY PRODUCED BY LOW Na 


E. S. Wheeler-Clark and J. McD. Tormey 


Reducing the Na concentration in aqueous solutions bathing heart muscle is well known to 
produce positive inotropy (increased cardiac contractility).*** Although this inotropy 
is presumably mediated by Ca, the mechanisms by which low Na makes more Ca available to 
the myofibrils are unclear. Recent isotopic measurements suggest an increased association 
of Ca with sarcolemmal sites in response to reduced external [Na], which would thus 
presumably make more Ca available from extracellular sources. Ca also appears to 
accumulate within the muscle cells, as evidenced by a substantial increase in *°Ca con- 
tained in a slow washout component from heart muscle.* However, isotope uptake and 
efflux measurements alone (whether of whole or fractionated cells) are inadequate to 
determine the exact subcellular sites involved in the uptake and transfer of Ca. There- 
fore we have turned to electron probe microanalysis to measure directly the elemental 
redistribution that accompanies the positive inotropic effects of low external [Na]. 


Methods 


Papillary muscles were removed from the right ventricles of anesthetized rabbit 
hearts; they were then perfused at 28 C and electrically stimulated at 0.3 Hz while their 
force development was monitored. The oxygenated perfusing solution included 1 mM Ca, 
5S mM K, 5% dextran, and HEPES buffer at pH 7.4. After an initial period, half the muscles 
were bathed either in a control solution that included 139 mM NaCl or in a low-Wa solution 
that contained only 36 mM NaCl plus enough sucrose to maintain isosmolality. After 30 min 
in one of these solutions, the muscles were frozen against a liquid helium cooled block as 
described previously.* Thin cryosections were cut at -120 C and then transferred in the 
frozen hydrated state into a JEOL 100CX microscope with the use of a Gatan cryotransfer 
stage. They were freeze-dried in the microscope at -120 to -90 C, and then analyzed at 
-120 by x-ray microanalytical methods described before.* 


Results and Discusston 


All subcellular compartments of heart muscles bathed in low Na solution show statis- 
tically significant decreases in [Na] and [Cl]. Compartments analyzed include cells 
(excluding nuclei), myofibrils, mitochondria, sarcolemmae (cell boundary region), trans- 
verse (T) tubules, and junctional sarcoplasmic reticulum (JSR). Table 1, by way of 
example, summarizes the composition of myofibrils under control and low-Na conditions. 


TABLE 1.--Elemental analysis of myofibrils in control vs low Na’ muscles. Values are 
mean +S.E., expressed in mmol/kg dry wt. Asterisk denotes values significantly different 
(p < 0.001) from control muscles for this element by t-test. 


The authors are at the Department of Physiology, Center for Health Sciences, UCLA, 
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Alterations in Ca compartmentalization are presented in Fig. 1. Low Na clearly 
causes [Ca] to double in both the sarcolemmal region and the JSR. In spite of the rela- 
tively small number of measurements, these differences are highly significant (p < 0.01). 
Increased [Ca] is also associated with T-tubule sarcolemmae and with myofibrils, although 
the amount of data collected to date is insufficient to determine statistical signifi- 
cance. Mitochondria, by contrast, show no change. Other compartments (not shown), 
including cell, tissue, and extracellular fluid, also show no significant changes in Ca. 


24 FIG. 1--Ca concen- 
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The doubling of Ca associated with the sarcolemma is consistent with the interpreta- 
tion of isotopic uptake studies on isolated cardiac cells.* Our data also help define the 
previously unknown location(s) of the slowly exchanging Ca pool defined by *°Ca washout 
studies.*> At least part of this pool involves increased accumulation of Ca in the JSR. 
The mitochondria are definitely not involved. On the other hand, a second, major com- 
ponent may be associated with the myofibrils themselves; more data are required to 
determine whether the observed increase is statistically significant. 

Caution should be observed in interpreting Fig. 1. Relatively large values of [Ca] in 
a particular compartment do not necessarily indicate large aqueous concentrations, 
because microanalysis yields concentrations in mmol/kg dry weight, and because hydration 
of various compartments varies markedly. For example, [Ca] in extracellular fluid 
averages 19.1 mmol/kg, which corresponds to only 1 mM/kg wet weight, because only about 5% 
of the wet weight of this compartment consists of dry solids. Thus the concentrations 
measured in highly hydrated regions cannot be simply compared with those from much less 
highly hydrated regions such as JSR or myofibrils. However, unless a particular experi- 
mental condition produces marked hydration changes, the differences in [Ca] measured in a 
particular compartment have a straightforward interpretation. 

Also, measurements of the sarcolemmal boundary region unavoidably include x-ray 
contributions from adjacent regions. To measure this region, long, narrow rasters (ca 
22 nm wide) are centered over the sarcolemmal boundaries (visualized by abrupt density 
changes) along the cell edge. The resulting spectra are compared with spectra obtained 
within 75 nm on either side of the boundary. Given such factors as the distribution of 
electrons within the probe and section thickness, it is inevitable that x rays will 
originate from adjacent regions. Therefore, accurate quantitation of such regions is 
difficult at best. In spite of this difficulty, our data demonstrate that [Ca] in the 
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sarcolemmal region has approximately doubled. Furthermore, this increase cannot be 
correlated with changes in [Ca] in the butk phases of the immediately adjacent regions. 
Our measurements of very small subcellular structures such as JSR and sarcolemmal 
regions are near the limit of what is currently achievable with x-ray microanalysis of 
biological specimens. It is therefore encouraging to be able to define significant 
changes of [Ca] in these small but physiologically dynamic regions of heart cells. 
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CRYOSECTIONING AND X-RAY MICROANALYSIS OF CULTURED MYOCYTES FOR STUDIES OF CELL INJURY 


H. K. Hagler and L. M. Buja 


The neonatal rat cardiac myocyte in culture is being used as a model to study a variety of 
cell injury mechanisms. For this study the metabolic inhibitor, iodoacetic acid, is intro- 
duced into the culture medium and cells are harvested at various time periods after intro- 
duction of the inhibitor. Any cell injury results in a heterogeneous population of cells, 
which makes it advantageous to be able to make measurements on individual cells. The rapid 
freezing of the cells using liquid nitrogen-cooled copper pliers provides a means of pre- 
serving the cells in their in vitro state. The cells are then transferred to a Dupont Sor- 
vall MT 50000 and FS 1000 cryoultramicrotome for thin sectioning at a nominal thickness of 
120 nm. The hydrated thin sections are then transferred to the electron microscope in a 
Gatan Model 626 cryotransfer stage and freeze dried in the microscope at -80 C prior to 
x-ray microanalysis.+?* 

One of the difficulties with the heterogeneous state of the cells is how to analyze 
the x-ray data to show not only changes occurring in the individual cells, but changes in 
the total population of myocytes. Toward this end we are collecting x-ray spectra from 
three different locations (nucleus, cytoplasm, and mitochondria) and making three measure- 
ments at each site in each cell. Data were collected from each time point of injury until 
measurements from 10 cells were accumulated. An ANOVA was performed on all spectra to show 
shifts of the elements measured as a function of time exposure. An additional series of 
measures was performed based on classifying cells as normal or abnormal. For each cell, 
the three measurements were averaged to obtain average values for nucleus, cytoplasm, and 
mitochondria of each cell. For this work an abnormal elemental concentration was defined 
as an elemental concentration greater than two standard deviations from the control meas- 
urements in the direction of the expected change with cell injury. Table 1 shows data from 
a typical ANOVA on all spectra collected from populations of cells; Table 2 presents data 
for cells with normal and abnormal elemental concentrations based on the criteria defined 
above. 

The use of cryofixation and cryosectioning insure the preservation of diffusable ele- 
ments in the natural location and provide sufficient high resolution morphology to be able 
to identify individual cells and subcellular locations for x-ray microanalysis. The use 
of the statistical measurements provides a better approach to identifying changes in the 
population of injured cells and a better way to correlate elemental changes and structural 
changes with other parameters such as biochemical measurements that cannot be made on a 
cell-by-cell basis. Thus, these techniques provide insight into the heterogeneity of 
injury occurring in populations of cultured myocytes. 


References 


1. H. K. Hagler and L. M. Buja, ''New techniques for the preparation of thin freeze 
dried cryosections for x-ray microanalysis," in J. P. Revel et al., Ed., The Setence of 
Btologtcal Specimen Preparation for Microscopy and Microanalysis, AMF O'Hare, I11.: SEM 
Inc., 1984, 161-166. 

2. H. K. Hagler, “Cryotransfer of ultrathin cryosections for x-ray microanalysis," 
Mierobeam Analysts--1984, 290. 


The authors are at the Department of Pathology, University of Texas Health Science 
Center at Dallas, 5323 Harry Hines, Dallas, TX 75235. (Supported in part by the National 
Institutes of Health Ischemic Heart Disease Specialized Center of Research, Grant 
HL17669.) 


119 


TABLE 1.--Elemental concentrations in cytoplasm of control and iodoacetate treated 
cardiac myocytes. 


GROUP Na Mg cl K Ca 
CONTROL, 16.45 9.7 62.54 451.24 ~ 2A 
(n=27) + 21.8 +6.3 +184 +1%.8 + 4.5 

1 HR. TAA 89, 98 -.48 100.8 418.54 5.94 
(n=36) + 132.0 412.4 + 66.1 + 254.1 + 16.3 
1.5 HR. IAA 234.2 -18.7© 79,348 71.35 12.04 
(n=30) + 102.6 +10.5 + 44.7 + 54.5 +11.9 
2 HR. IAA 263 .0€ -22.3° 149.0° 127.98 25.98 
(n=3 8) + 166.1 + 20.2 + 112.0 + 134.3 + 48,2 


Data are expressed as mean values (mMoles/kg dry weight) + standard deviation. 
n=number of spectra collected. 

In Tables 1 and 2, superscripts indicate results of analysis of variance tests 
comparing values of control and IAA groups for each element. For each vertical 
column, values with the same letter superscript are not significantly different 
and those with different superscripts are significantly different from each 
other. 


TABLE 2.--Elemental concentrations in normal and abnormal cells and numbers of abnormal 
cells from control and iodoacetate cytoplasm of treated myocyte cultures. 


SODIUM MAGNESIUM CHLORINE POTASSIUM CALCIUM 


Norm Abnor No.Cells]| Norn -Abnor No, Cells Norm Abnor No.Cells{ Norm Abnor No.Cells | Norm Abnor No.Cells 
Cells Cells Abno/tot|Cells Celis Abno/tot ] Cells Cells Abno/tot] Cells Cells Abno/tot| Cells Cells Abno/tod 


CONTROL 


1 HR.IAA | 17.9 = 161, 
+11.3  +139.0 


1.5 HR. ; : i ; 95.8 34.5 
TAA 7.7 433.7 $13.5 


2 HR. IAA ‘ 12/12¢ ; ; : ; i 39.4 
+ 18.4 4+33.7 


Data are expressed as mean values (mMoles/kg dry weight) + standard deviation. 
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MATERIAL PROPERTIES OF BIOLOGICAL TISSUE: IMPLICATIONS FOR CRYOSECTIONING 
A. J. Saubermann and R. V. Heyman 


Cryosectioning is an important preparative step for x-ray microanalysis of biological speci- 
mens. Yet, the process of cryosectioning is poorly understood. Little is known about the 
mechanical properties of frozen biological material, although such information is fundamen- 
tal to cryosectioning since the physical properties of a material determine how it reacts to 
stress. Therefore, the purpose of these studies is to determine the effects of temperature 
on the stress/strain relationship of a nonbotanical biological tissue (rat liver). 


Experimental 


A device to determine compression as a function of load at low temperature was construc- 
ted (Fig. 1). This device consisted of two parallel load plates with connecting rods, a 
loading bolt, a load transducer, and a micrometer. The load plates were located in an in- 
sulated chamber cooled by cold N, gas. Cubes of rat liver (% 3 mm’) were prepared by cut- 
ting of the tissue with a special double, and parallel, bladed knife. The specimens were 
quickly frozen in melting freon and stored in liquid nitrogen. Cubes (v 3 mm?) of poly- 
crystalline ice were also prepared by freezing of tap water in a small mold at -30 C.  Load- 
ing curves used to correct for instrument compression were obtained at room temperature 
(22 C) and at -30 C, -60 C, and -90 C and were found to be identical. Loading occurred over 
sufficient time to allow sample relaxation to cease for each 2kg load increment from 1 to 
42 kg. The results demonstrate that ductility decreased with decreasing temperature. Liver 
at -30 C and -60 C was compressible, but at -90 C liver fractured under compression at loads 
less than 10 kg, at a calculated stress of 11 MN/m? . The polycrystalline ice exhibited 
large creep as expected, which was a function of temperature. The ice samples fractured un- 
der compression at loads of 6 kg at -60 C and at 10 kg at -90 C. The ice samples did not 
fracture at -30 C. 


Coneluston 


These results demonstrate the importance of temperature in determining material proper- 
ties of a tissue. It appears that the material properties of tissue are not determined by 
the properties of ice alone. For this discussion we are defining cryosectioning as the pro- 
cess of continuous chip formation from a frozen block of tissue. Our previous measurement 
of the force of cryosectioning allows calculation of the stress in cryosectioning (force/ 
area)’; if we assume that the load is distributed over a 1 < 500uUm area on the knife edge, 
the stress ranged from 10 to 60 MN/m’. These values are in the range at which liver, at 
-90 C, fails by fracture during compression (11 MN/m”). Material failure is known to occur 
in shear where shear stress is a function of Young's modulus; such shear stress is likely to 
be less than compressive stress. Therefore, we are led to the conclusion that if the tem- 
perature of the material (liver) is actually -90 C in the shear plane (assuming no heat in- 
put from the cutting work), failure would occur and the material could not be cryosectioned. 
Thus, these data suggest that cryosectioning rat liver at specimen temperatures below -90 C 
is not possible because of the material properties of that tissue. Those who report that 
they cryosection at colder temperatures are likely to do so by warming the shear zone 
through heat generated from the work of cutting and friction until a temperature is reached 
at which the material becomes ductile. At that point the work of sectioning would be de- 
creased and the material would undergo plastic deformation under shear stress rather than 
fracturing. Plastic deformation in the shear plane favors continuous chip formation (de- 
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sired condition). These data show again that cryosectioning can be explained by applica- 
tion of conventional metal machining theory. 
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FIG. 1.--Compression device schematic. Dotted 
area represents cooled area. Note parallel 
load plates A with connecting rods A', A", 
loading bolt B, micrometer C, and load trans- 
ducer D. 
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FIG. 3.--Compression (in mm) of 3mm? cubes 
of polycrystalline ice as function of load 
at -30 C (A), -60 C (B), and -90 C€ (C). 
Values shown as means +SEM. 
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A CRYOSTAGE FOR ULTRA-LOW TEMPERATURE OXYGEN PLASMA ASHING OF FROZEN TISSUE SAMPLES 
J. T. Brenna, M. T. Bernius, and G. H. Morrison 


Low-temperature oxygen plasma ashing (LTA) recently has been shown to be a useful technique 
for enhancing elemental sensitivities in the ion microscopical analysis of plastic embedded 
biological section.’?* In this method, an oxygen plasma afterglow is slowly passed over the 
surface of the section and allowed to react with the organic molecules making up the matrix. 
These organic matrix elements (C, N, H) are gently converted into the gaseous products of 
combustion and are swept away with the stream. This process, under mild conditions, com- 
pletely and efficiently removes the organic matrix at relatively low temperatures (100 C) 
while preserving elemental morphology. 

Conversion of biological specimens into a form compatable with high-vacuum systems used 
in elemental analysis is a topic which has received a great deal of attention. The litera- 
ture is replete with reports indicating that conventional methods involving aqueous fixa- 
tives cause elemental loss and relocation. Freeze-substitution methods improve the situa- 
tion, but results vary depending on the specific sample and element. The only generally ac- 
cepted method for sample preparation valid from tissue to tissue and element to element is 
fast freezing followed by cryosectioning (in the case of bulk tissue) and either direct an- 
alysis or freeze-drying followed by analysis. In order to extend the analytical advantages 
of LTA to frozen-hydrated samples, we have constructed a cryostage fitted to a commercial 
LTA apparatus for either sequential or simultaneous freeze-drying and ashing, i.e., complete 
matrix removal from cryo-samples at low temperatures (L*TA). This device will allow deter- 
mination of the applicability of complete matrix removal for these types of samples. 

Details of specific design consideration and construction of the stage have been repor- 
ted elsewhere.* Within one hour of initial start-up, the stage is at its operating temper- 
ature of -70 C. It maintains this temperature in the presence of the radiofrequency field 
(used to power the oxygen plasma) indefinitely. 

Human squamous epithelial cells obtained from fresh cheek scrapes were used as a conven- 
ient model system for optimization of the instrumental parameters. The celis are mounted on 
smooth silicon wafers, fast frozen by plunging into nitrogen slush, and carefully trans- 
ferred to the ashing chamber for treatment. 

Appearance of the ash residue in reflected light and ion microscopy was used to assess 
morphological preservation. Our results indicate that satisfactory preservation of micro- 
anatomy and elemental integrity is achieved with careful choice of treatment parameters. 
These data indicate that simultaneous freeze-drying/ashing is potentially a powerful method 
for preparing frozen-hydrated samples for elemental analysis. 
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FIG. 1.--Transmitted-light micrograph of fresh human squamous epithelial cell obtained from 
cheek scrape. Cells is stained with toluidine blue. Prominent features include nucleus 
and granular cytoplasm. 


FIG. 2.--Reflected-light micrograph of L*TA-treated cell. Nucleus, cytoplasmic grariuoles, 
and peripheral cell membrane remain intact after treatment. Bars are nominally 20 um long. 
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CORRELATIVE ION AND ELECTRON MICROSCOPY OF BIOLOGICAL SOFT TISSUE EMBEDDED IN LOW- 
TEMPERATURE RESINS 


Subhash Chandra, G. H. Morrison, and Robert Chiovetti Jr. 


The ion microscope, based on secondary ion mass spectrometry (SIMS), is_a powerful tool for 
studying the elemental (isotopic) distribution in biological systems.” ’ The technique is 
capable of 3-D analysis and detecting all elements and isotopes from hydrogen through uran- 
ium with sensitivities generally in the parts-per-million range. The unique ion optics of 
the ion microscope allows direct microscopic imaging of ions in relation to tissue morphol- 
ogy with a spatial resolution of ¥ 0.5 wm. Ion microscopy coupled with electron microscopy 
provides a potentially powerful combination for elemental microanalysis in biological sys- 
tems. Histochemical information obtained by correlating tissue morphology with elemental 
distribution allows a better understanding of various processes in physiology and pathology. 
The highly diffusible nature of physiologically important elements and the hydrated matrix 
of soft biological tissue require cryotechniques for a reliable sample preparation before 
such studies can be undertaken. 

The present study explores the potential of correlative ion and electron microscopy and 
investigates the feasibility of low-temperature embedment of soft biological tissue for ion 
microanalysis. Segments of smooth muscle from rabbit renal artery were used as the model 
tissue and Lowicryl K4M as the low temperature resin. The slam-frozen, lyophilized tissue 
was compared with conventionally fixed tissue for Na, K, and Mg distributions. The trans- 
mission and scanning electron microscopy complemented SIMS ion microanalysis. 


Experimental 


Approximately lmm* pieces of smooth muscle from rabbit renal artery were slam-frozen on 
a polished copper bar cooled in liquid nitrogen and lyophilized as described previously.?® 
The lyophilization took approximately 4 days during which the temperature was raised from 
-190 C to -90 C. The tisse was then infilitrated in pure Lowicryl K4M starting at -20 C 
under vacuum according to a newly developed methodology. * The Lowicryl was polymerized with 
366nm UV at -20 C for 24 h. The final polymerization took place at room temperature for 
72 h. The conventional fixation included tissue fixation at 4 C for 1 h in 1.5% formalde- 
hyde/1.0% glutaraldehyde in 0.1M sodium cacodylate buffer at pH 7.2. The tissue was then 
washed several times in 10mM lysine HCl in the same buffer. The specimens were dehydrated 
in graded ethanol solutions and infiltrated in Lowicryl K4M. The Lowicryl was polymerized 
by the same procedure as described for the freeze-dried tissue. The thin (~% 100nm) and 
thick (~ 0.5um) sections were cut dry and on distilled water using a Sorval-MT2B ultra- 
microtome. The thin sections were transferred to the copper grids for TEM analysis; the 
thick ones were mounted on polished silicon wafers for ion microanalysis. 

An Hitachi 11-C electron microscope operated at 80 kV was used to evaluate the morpho- 
logical preservation of these treatments. 

A CAMECA IMS-3f ion microscope operated with a 8.0kV OF primary ion beam and monitoring 
positive secondary ions was used for the study. A primary beam of 300 nA (100 um diameter) 
was rastered over an area of 250 x 250 um. The ion images were recorded on Kodak Tri-X ASA 
400 film with a 35mm camera. 

A JEOL JSM-35CF scanning electron microscope was used to complement SIMS analysis. The 
secondary electron images were recorded on Type 52 Polaroids. 


Authors Chandra and Morrison are at the Department of Chemistry, Cornell University, 
Ithaca, NY 14853-1301; author Chiovetti is at the Department of Biology, University of New 
Mexico, Albuquerque, NM 87131. This work was supported by National Institutes of Health. 
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Results and Discussion 


The transmission electron microscopy revealed good morphological preservation in con- 
ventional gluteraldehyde fixed and Lowicryl-embedded smooth muscle (Fig. 1). The nuclei, 
mitrochondria, contractile filament, and extracellular spaces are well preserved and can be 
easily recognized. The frozen, lyophilized, and low temperature embedded tissue also shows 
a reasonably good morphological preservation (Fig. 2). 

The distribution of Na, K, and Mg, and a comparison between treatments from sections 
cut on distilled water is shown in Fig. 3. The left column represents the ion images 
from conventional and the right column from frozen, lyophilized, and Lowicryl-embedded 
tissue. lon microscopy, however, does not possess the resolving power of electron micros- 
copy but a geometric-fit elemental distribution with cell morphology is revealed by these 
ion micrographs. Brightness indicates higher ion emission. It is clearly evident that 
the nuclei contain slightly higher intensities of Na and K than the surrounding cytoplasm. 
Such differences are intensified for Mg distribution in both treatments. It seems that 
the conventional sample preparation intensifies differences between the nuclei and the 
cytoplasm at least for Na and K distribution in this tissue. Dry sectioning of frozen, 
lyophilized, and Lowicryl-embedded tissue showed qualitative distributional differences 
from wet sectioning for Mg distribution alone (Fig. 3a). After dry sectioning, high in- 
tensities of Mg were not observed in nuclei. Although Na and K distributions remained 
the same, quantitative leaching of these elements cannot be ruled out on wet sectioning. 

The scanning electron microscopy provides a geometric-fit recognition of the morphologi- 
cal details after ion microanalysis due to the preferential etching of plastic embedded tis- 
sue. The secondary electron micrograph can be matched perfectly with K, Na, and Mg distri- 
butions shown for the conventional treatment in Fig. 3 and facilitates the morphological 
recognition (Fig. 4 match arrows in Fig. 3 and Fig. 4). 

It should be realized that these small differences observed in elemental distribution 
between treatments do not insure the authenticity of elemental distribution in freeze-fixed, 
lyophilized, and cold-temperature Lowicryl-embedded tissue. The comparisons have to be made 
with frozen-hydrated or frozen-freeze-dried cryosections for this purpose. Although higher 
intensities of potassium in nuclei are in agreement with previous observations on cryo- 
sections,’ a detailed study is needed to further these observations. The greatest advantage 
of cold-temperature-embedded tissue for elemental microscopy lies in the ease of sectioning. 
The planar section would be an advantage for the quantitative research in ion microscopy. 


MGT I a 5 

FIG. 1.--Smooth muscle cells of rabbit renal artery after glutaraldehyde fixation and Lowi- 
cryl K4M embedment. Cells are separated from one another by extracellular spaces (e). With- 
in cell, mitochondria (m), nuclei (N), and contractile filament can be easily recognized. 
Bar = 1 um x 42,00. FIG. 2.--Smooth muscle cells of rabbit renal artery in frozen, lyo- 
philized, and low-temperature embedded tissue. Cells show no evidence of gross morphologic- 
al damage. Bar = 1 um x 72,00. 
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FIG, 3.--Distribution of K, Na, and Mg from conventionally prepared (left colum) and 
frozen, lyophilized, and low-temperature cmbedded tissue (right colum) as revealed by 
ion microscopy. Nuclei and muscle fiber can be easily recognized. Arrow in potassium 
image helps in matching morphological details with secondary electron micrograph of 
Fig. 4. Fields of view, 150 yum. 
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FIG. 3(a).--Distribution of Mg from 
dry-sectioned frozen, lyophy lized, 

and Lowicryl embedded smooth mus- a & 
cle cells. Darker areas represent FIG. 4.--Secondary electron image taken after SIMS anal- 


folds, a typical feature of dry- ysis from same region as shown in K, Na, and Mg conven- 
sectioned tissue. Field of view, tional tissue ion mmages of Fig. 3. Perfect correlation 
150 um. of ion and electron microscopy is shown by arrows. 


In summary, the present study demonstrates the potential of correlative ion and electron 
microscopy for elemental microanalysis in biological systems. The low-temperature embedment 
of frozen and lyophilized soft biological tissue shows good morphological preservation and 
differs slightly in elemental distribution from conventionally prepared tissue. 
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A ROUTINE PROCEDURE FOR MONITORING SAMPLE MASS DURING MICROANALYSIS 


M. C. Myers and R. R. Warner 


Quantitative biological electron probe microanalysis of thin specimens by the continuum- 
normalization method proposed by Hall* requires an accurate determination of the sample 
mass, which is obtained by measurement of the continuum x rays generated from the sample. 
During analysis, sample mass loss or gain can result in an error in the continuum 
measurement.” A practical method of monitoring the sample mass of a thin specimen during 
energy-dispersive (EDS) x-ray analysis has been examined. With this technique, changes 
in sample mass as small as 10% may be detected. When analysis conditions cannot be 
defined to avoid sample mass changes, a corrected mass value may be calculated from the 
experimental data. 

One of the more challenging aspects of the Hail method of biological quantitation is 
to obtain a continuum measurement from the sample only. Factors affecting the continuum 
measurement include contributions from the sample support film, peak-associated extrane- 
ous continuum, nonhomogeneous peakless continuum,’ and sample mass gain (contamina- 
tion)* or loss (etching)° during analysis. Correction procedures and instrument modifi- 
cations have been devised to minimize extraneous contributions from the support film and 
the microscope;?»*°~*? sample contamination has been minimized with improved microscope 
vacuum systems, It is a controversial point, however, whether sample mass changes, 
particularly mass loss, can be entirely eliminated at electron doses that provide suffi- 
cient x-ray counting statistics.?* In spite of our efforts to minimize sample mass 
change during analysis, we find problems can still occur. As a result, we routinely 
monitor the sample mass during each analysis. 


Methods and Results 


Samples were examined in a Hitachi H-500 TEM-STEM equipped with a Kevex EDS detector 
and a Tracor Northern 5500 EDS spectrometer. Our procedure for monitoring sample mass 
changes, described below, has progressed from a completely manual procedure through a 
variety of computer software aides. At present our procedure has been incorporated into 
the quantitative biological microanalysis software package 'BIOQ' available from Tracor 
Northern. Beam current and transmitted sample current were monitored with a Keithly 
digital electrometer. A Gatan Model 626 cryotransfer specimen holder with variable 
temperature control was employed to cool the specimen. 

To investigate a wide range of irradiation doses, it was useful to analyze samples 
that were relatively homogeneous over large dimensions. Studies were done on 2um-thick 
polycarbonate films (Makrofol, Siemens) coated with 100 nm of evaporated Al; on sections 
of Spurrs' epoxy resin cut at nominal thicknesses of 100, 500, and 900 nm; and on 
uncoated, unsupported chlorinated rubber films. Inorganic salts, sulfur-containing 
protein crystals, and cryosections of biological tissue mounted on formvar and carbon- 
coated nickel slot grids were also examined. Samples were analyzed at 100 kV for 200 s 
at room temperatures ranging from ambient to -170 C. Beam currents of 0.05 or 1.0 nA were 
used to deliver a total accumulated electron dose ranging from 107%. to 10*° coulombs/cm*. To 
study accurately changes in sample mass during analysis, it was essential to maintain a 
constant beam current. 

We employ a graphical procedure to evaluate changes in specimen mass. Rather than 
monitoring the x-ray counting rate, as others have done,**°®?1? we examine the cumulative 
X-ray counts versus time.** The advantage of this method is that statistical accuracy 
constantly improves as the accumulating counts are summed. The plotted data thus contain 
sufficient statistical precision to detect small changes in sample mass, even at rela- 
tively low excitation currents or relatively short acquisition times. At low excitation 
currents, a plot of the change in count rate versus time is statistically noisy and 


The authors are at Miami Valley Laboratories, Procter §& Gamble Co., Box 39175, 
Cincinnati, OH 45247. Dr. Ted Hall's gift of Makrofol polycarbonate films is gratefully 
acknowledged. 
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typically will not reflect small changes in the sample mass unless extremely long 
acquisition times are used or a number of separate analyses are combined. From the plot 
of integrated counts, extrapolation of the later (statistically more accurate) points 
toward the origin will result in a positive Y-intercept if mass loss has occurred, or a 
negative Y-intercept if the specimen has gained mass. 

An example of this technique is shown in Fig. 1. Continuum counts were monitored 
from a 2um-thick polycarbonate film irradiated at room temperature with a total dose of 
2.5 x 10* coulombs/cm*. The concave curvature of the line indicates that a nonlinear 
gain in sample mass occurred during analysis. By extrapolation of the initial slope, it 
was calculated that the sample mass increased by 11% during analysis. A corrected 
continuum value obtained from this extrapolation was equivalent to that determined with 
the same beam current but a 10°-fold lower electron dose during which no mass change was 
detected. Figure 2 is from the 2um polycarbonate film analyzed at -170 C with a total 
accumulated dose of 40 coulombs/cm?. The convex curvature of the continuum data and the 
positive Y-intercept of the extrapolated line indicate mass loss occurred during 
analysis; in this example, a mass loss of 9% was calculated. Again, excellent agreement 
was found between the corrected continuum value and the value obtained using a much lower 
electron dose (but identical current) during which no mass loss was detected. 
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FIG. 1.--Continuum counts (4.00-6.25 keV) FIG, 2.--Plot of continuum counts 
from 2um-thick polycarbonate film plotted (4.00-6.25 keV) from analysis of a 2um 
as accumulated counts vs time. Concave polycarbonate film. Convex curvature of 
curvature of line and negative Y-inter- line and positive Y-intercept indicate 
cept indicate mass gain occurred during mass loss occurred during analysis. 


analysis. 


Limitations of the Technique 


This method of data analysis is not foolproof. We have found two circumstances that 
could lead to misinterpretation of the results. If the sample mass changes linearly with 
time, it will not be detected in the plotted continuum data; a linear increase in sample 
mass would still result in a linear plot intercepting the origin. Also, when extremely 
beam-sensitive materials are analyzed or high probe current densities (>10° coulombs/cm”) 
are used, a large fraction of the sample mass can be lost in the first seconds of electron 
irradiation;+° this change in mass can go undetected in the plotted x-ray data. To avoid 
misinterpreting the plotted x-ray data, we also monitor the current transmitted through 
the specimen during analysis.*° The transmitted current provides an instantaneous rela- 
tive measure of the specimen mass and is extremely sensitive to mass changes. By 


combining these two approaches, limitations in monitoring specimen mass by the graphical 
procedure can be avoided. 


Coneluston 


We use the mass-monitoring techniques: (1) initially, to select analytical conditions 
that minimize mass change during analysis; (2) to insure that contamination or etching 
does not occur in subsequent analyses; and (3) if mass changes are unavoidable (but small), 
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to approximate the sample mass by extrapolating the initial slope of the plotted 
continuum. The graphical technique must be used with some caution, whereas monitoring 
both the accumulated x-ray counts and the transmitted current provides a very reliable 
method for assessing sample mass change during analysis. The graphical technique can 
also be used to monitor sample element content. 
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Computer-assisted Microanalysis 


MEASUREMENT OF EDGE-INTERSECTING FEATURES IN SEM IMAGES 
John C. Russ and T. M. Hare 


The application of stereometric methods to images from the electron microscope is a growing 
field, but one in which some new practical limitations must be faced. One of them occurs 
when one is trying to determine the size distribution of features, either particles on a 
substrate or a phase within a matrix. Automatic computer-based systems can discriminate the 
features of interest based on the brightness, typically in the backscattered electron image, 
and sometimes hole-filling operations are needed to correct for contrast changes on rounded 
particles, or smoothing algorithms may be needed to reduce noise in the image,’ but after 
these initial operations the image appears to be ready for measurement and counting just as 
an image from a conventional light microscope. 

One problem that remains, however, is dealing properly with distributions of features, 
some of which intersect the edge of the image frame (typically a square or rectangle). Sim- 
ple counting operations (to determine, for instance, the number of particles or grains per 
square millimeter) usually count 1 for each discrete feature and 1/2 for each feature that 
touches any edge. However, when the size of features is required (for instance to obtain a 
histogram of number vs size), it is not possible to determine the size of any feature that 
touches an edge. 

One approach that has been used for some time with light microscope images is to intro- 
duce a ''guard frame" around the central, or active, measurement region. Ideally, this can 
be described as having an active measurement frame that covers the upper left quarter of the 
image, with the remaining three quarters constituting the guard frame. Any feature that in- 
tersects the upper or left edge of the image is ignored entirely, and features that extend 
from the measurement region into the guard area, but do not intersect the far image edge, 
can be measured entirely. This procedure allows features as large as could fit into the 
active region to be measured, and delivers statistically correct values for both the number 
and size of features. Of course, the size data (area, perimeter, length, breadth, etc.) can 
then be used further to derive feature-specific parameters of further interest, such as vol- 
ume, surface area, and so on. 

For SEM images this method is not often practical, because the image resolution is limit - 
ed by the backscattered electron image to about 1 um, and at a magnification low enough so 
that large features do not exceed the size of the measurement area, small features may be 
undefined pinpoints. Furthermore, it is desirable to use all of the image area for measure- 
ment as this means that four times as much information is available. It is often essential 
to collect information at several different magnifications, and then combine the data in 
proportion to the amount of image area covered at each magnification to produce an overall 
size distribtuion, 

But if the measured size data are obtained from the entire image, it is still necessary 
to reject features that intersect an edge, and cannot be measured. For features that are 
ali of the same size, one must simply correct the reference area (the amount of sample cov- 
ered by the measurements), by multiplying the area of the image by the ratio of the sum of 
all measured feature areas to the total area of all detected features (including ones that 
touch edges). If the features are all of the same shape (e.g., circles), but of varying 
sizes, it is possible to calculate a series of correction factors that adjust the total for 
each bin in the size distribution histogram by the probability that randomly located fea- 
tures of that size will intersect the edge of the image. For the most important case of 
real features, which are irregular in shape and may be preferentially oriented, this calcu- 
lation is not possible. 


The authors are at the School of Engineering, North Carolina State University, Raleigh, 
NC 27695, 
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We present here an alternate method* which adds very little computational overhead to 
the measurement process, and yields correct size distributions for all features which can be 
measured within the size of the image. The method measures and counts each feature which 
lies within the image (without intersecting any edge). But instead of counting each feature 
as 1 in the histogram bin that corresponds to its size (area, length, equivalent circular 
diameter, or any other measure of size), an adjusted count is computed and used instead. 

The width of the image in the X- and Y-directions (Wy and Wy) and the Feret's diameters of 
each feature (Fy and Fy) are used. The Feret's diameters (also called the shadow length or 
projected length) are very easy to determine: they are simply the difference between the ex- 
treme values of X and Y coordinates around the periphery of the feature. 

The adjusted count is then WyWy/[(Wy - Fy) (Wy - Fy)], which is a value greater than 1. 
It compensates for the fact that very; large features are more likely to intersect an edge of 
the image and be rejected from measurement, than are small ones. The adjusted count: can al- 
so be used to weight parameters such as area that may be summed in a distribution. 

Figure 1 shows SEM images of particles (glass fragments), with varying shapes and sizes. 
Histograms of number of features vs size (using the equivalent spherical diameter, arbitrar- 
illy divided into 20 logarithmic size classes from 0.015 to 0.58 wm) were accumulated from a 
series of images covering over 100 um? on this sample, with and without the correction. The 
results depend on the magnification used, as shown in Fig. 2. The measured data (bars) and 
adjusted values (lines) are essentially identical for the smaller size particles which pre- 
dominate (and are not likely to intersect an edge). But for larger sizes, the bars under- 
state the number of particles, and at 5000x (where each image covers one-quarter as much 
area), more large features touch edges and are rejected. At higher magnifications, smaller 
features would be measurable but the drop in count for large ones would occur sooner. 

This difference is more dramatic when the volume (estimated as the volume of a prolate 
ellipsoid of revolution with length and breadth given by the maximum and minimum projected 
diameters sampled in 32 directions) is plotted against size (Fig. 3). Here the small par- 
ticles, though numerous, contribute very little and the large ones predominate so that the 
differences between the measurements at the two magnifications are evident. The corrected 
curves agree closely considering the limited statistics (there are only 22 measured features 
at 2500x in the largest five size classes, and only 1 in the single largest class). 

Figure 4 shows the cumulative volume plot, which illustrates perhaps most clearly the 
loss of information due to edge-touching large features at different magnifications, and the 
effect of the correction. At 5000X, more than half of the total volume of fragments would 
be missed without the correction. 

For grain size measurements, the same phenomenon is obtained. Figure 5 shows a diagram 
of grain boundaries, from a synthesized (Johnson-Mehl) microstructure. Figures 6 and 7 il- 
lustrate the change in the measured distribution of grain sizes when the adjusted count is 
applied. The size classes are linear, using the square root of grain area. Without the 
correction, increasing the image magnification cuts off the larger features and alters the 
shape of the distribution. With the correction, the curves agree quite closely (the statis- 
tical scatter present reflects the fact that each set of data come from different random sec- 
tions through the microstructure). Note that the curves for the highest magnification (x 6 
and x 8) cut off at the largest sizes because these grains are actually larger than the image 
size at those magnifications, yet the balance of the distribution is essentially correct. 

When the adjusted counts are used to weight the individual grain areas, the effects are 
also dramatic. Figures 8 and 9 show plots of cumulative area vs size class for the as- 
measured and adjusted data. The as-measured curves are different for each magnification; the 
adjusted curves agree closely. The curves for the highest magnification deviate at large 
sizes where no features can be measured, but lie along the actual curve up to that point. 
Since the total adjusted area of features and the total image area are known, the difference 
represents the unmeasurable large features, and these can be determined from supplemental 
measurements at lower magnifications. 

In conclusion, the use of an adjusted count for each measured feature allows accurate 
size distributions to be obtained for images in which some features intersect the image edge, 
without requiring the use of a guard frame to reduce the actual measurement area. The meth- 
od is applicable to any shape, distribution, or orientation of features, and to nonsquare 
images. It provides an estimate of the fraction of the size distribution which has been 
missed in the case where there are features too large for measurement at the current magnifi- 
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cation, and allows data obtained at different magnifications to be combined in proportion to 
the image area examined. Although particularly suited to the needs of SEM images, and easi- 
ly implemented by the small computer-based image measurement systems used with them, it is 

also recommended for light microscope systems because of its accuracy and simplicity. 
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FIG. 1.--SEM images of glass fragments (original magnification 200x). FIG. 2.--Size-distrib- 
ution plot for number of particles. Size classes are logarithmic, in 20% steps, from 0.015 
to 0.58 um equivalent spherical diameter. FIG. 3.--Size-distribution plot for summed part- 
icle volumes in each size classes (classes as in Fig. 2.). FIG. 4.--Cumulative volume plot 
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from Fig. 3. 
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EXPERIENCE WITH MULTIPLE-LEAST-SQUARES FITTING WITH DERIVATIVE REFERENCES 
Db. J. McMillan, G. D. Baughman, and Ff. Ji. Schamber 


For over a decade the technique of multiple-least-squares (MLS) fitting has been used 
successfully to quantify x-ray peak intensities from x-ray spectra obtained from lithium- 
drifted silicon [Si(Li)] detectors. The technique!”* involves collecting reference 
spectra for each element that has characteristic peaks in the spectrum to be analyzed. 
These reference spectra are then "fitted" to the analyzed spectrum by the method of least 
squares. The method returns a series of constants or K-ratios, one for each reference 
component used in the fit, that represent the amounts of each of the reference components 
in the analyzed spectrum. 

One implicit assumption in this procedure is that an element's reference spectrum 
accurately represents that element's spectral component in the unknown spectrum. There 
can be no variations of peak position or of peak width between reference spectra and 
analyzed spectra. In most cases these requirements are easily met by routine calibration 
procedures. However, from time to time situations arise in which differences between 
reference spectra and unknown spectra cannot be eliminated. In the past, these differ- 
ences resulted in unavoidable systematic errors in the intensity information that was 
extracted with the MLS technique. Recently, however, Kitazawa et al.° presented a pro- 
cedure that allows the MLS technique to be used even in cases where differences in refer- 
ences and the unknown spectra exist. We were interested in determining the usefulness 
of this procedure and its range of applicability. The results of our investigations will 
be summarized in this paper. 


Theory 
Assume that a MLS reference spectrum S(E) is represented by a Gaussian peak with an 
energy E, and a width parameter o: 
- E,)2 
S(E) = wut exp |- fE = Eg)” 
Van 202 


Also assume that the spectrum to be fitted by MLS is a Gaussian peak with a different peak 
energy E, + « and a different peak width represented by o + p: 


(1) 


Boat Bes eye 
S'(E,€,0) - ee eee exp ls {E - Ep - e)* (2) 
v4n(o + 9) 2(0 * 6)" 
If the quantities « and p are small, we can approximate the perturbed Gaussian peak by 
the Taylor expansion 
as! i 32S! 
S! (E60) -= S'0E 30,0) — ee 4 ze area a Res (3) 
E,0,0 E,0,0 E,0,0 
By evaluating Eq. (2) and its partial derivatives for « = 0 and p = 0, and by taking the 
first and second derivatives with respect to E of Eq. (1), we can show that 
dS as! 
Goa 2 4 
dE de o 
25-2 dc 38" 5 328! (5) 
dE2 6 8p.” 


Substituting these results into Eq. (3), we have the relationship 
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ds 1 d?s 
S'(E,e,e) = SCE) - € aE * (po + ge) GE (6) 


Thus, we see that the modified Gaussian spectrum can be approximated by the original 
Gaussian spectrum plus a linear combination of the first and second derivatives of the 
original Gaussian spectrum. This result is similar to that obtained in earlier work 
which was based upon more general assumptions of the analytical expression of the refer- 
ence spectrum S(E). Equation (6), however, explicitly shows the functional dependence 
of the Gaussian width parameter o in the relationship and is therefore useful when the 
approximation is applied to the MLS fitting process. 

Although Eq. (6) is based upon a single Gaussian peak, it can also be shown to be 
valid for a linear combination of Gaussian peak components which have all been broadened 
and shifted by the same amount. Thus, the above relationship holds for any reference 
spectrum that is made up of a series of Gaussian peak shapes. 

The first and second derivatives of a reference spectrum can be easily computed by 

| applying Savitsky-Golay © derivative coefficients to the original reference spectrum. 

: These calculated derivative spectra are themselves included as references during the MLS 

| fitting procedure. If correct normalization is maintained when the derivative spectra 
are calculated, the constants returned by the MLS procedure for the derivative references 
can be related to the coefficients of the derivative terms in Eq. (6). 


Tests with Stimulated Data 


In order to determine the effectiveness of MLS fitting with references plus deriva- 
tives, several tests utilizing simulated data were conducted. In the first test a Gaussian 
peak located at 6.0 keV with a full-width-at-half-maxium (FWHM) of 160 eV was set up as a 
reference spectrum and used to fit a series of spectra made up of identical Gaussian peaks 
shifted by varying amounts from the 6.0 keV location of the reference peak. Figure l(a) 
shows the error in the fitted peak intensity as a function of shifted position. Note that 
a shift of 30 eV results in a reduction in the fitted intensity of over 20% and that a 
shift of 10 eV corresponds to a reduction in intensity of over 2%. 


The same test was repeated after the first and second derivatives of the Gaussian 
reference were calculated numerically by using five-point Savitsky-Golay® coefficients 
and included as fitting references. The additionof these derivative references has a 
dramatic effect in reducing the intensity error as indicated in Fig. l(a). Errors of less 
than 1% are observed even for shifts as large as 30 eV. In fact, errors less than 0.1% 
are observed for all spectrum shifts 20 eV or less. 

A similar test was conducted to determine the effect of derivative references in com- 
pensating for changes in peak width. Again, a Gaussian reference at 6.0 keV with a 
FWHM = 160 eV was used as a reference to fit a series of spectra of similar Gaussian peaks 
located at 6.0 keV but with varying FWHM values. Figure 1(b) shows the results of these 
measurements. In this case, a change in the FWHM value of the fitted peak of 10 eV 
resulted in an error of 5% or more. By including derivative references in the fitting 
procedure, the errors are reduced to less than 0.5% for a 10eV change in peak resolution. 

Another test was conducted to confirm the results of the Kitazawa et al.° in their 
application of the method. In this test Gaussian peaks were used to simulate the Koa and 
KB lines of potassium (K) and the Ka line of calcium (Ca). The K K@ line is separated 
from the Ca Ka line by approximately 100 eV. These simulated spectra were used as 
references to fit a series of spectra containing only the simulated K Ka and KB lines 
shifted by varying amounts from the calibrated position. The intensity assigned to the 
nonexistent Ca Ka component was used as an indicator of the error in the fitting process. 
Measurements were taken with only the K and Ca references and with these references plus 
the K first and second derivative references. The results of these tests are shown in 
Fig. l(c). Again the effect of the derivative reference fit is to reduce the erroneous 
intensity assigned to the Ca component dramatically. Note that the data for the deriva- 
tive fit have been multiplied by a factor of 10 in Fig. l(c) in order to show the devia- 
tion from zero. The assigned Ca intensity is reduced by a factor of about 50 for a K 
spectrum shift of 5 eV when derivative references are used. This is in agreement with the 
results presented earlier. ° 

Figure 1(d) shows the effect of differing peak resolution of potassium on the 
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FIG, 1.--Intensity error for Gaussian peak spectra versus (a) peak shift, (b) resolution 
change from the reference spectrum; and intensity extracted for absent Ca Ka peak as 

(c) K peaks are shifted from calibrated reference spectrum position, (d) K peak resolu- 
tion is changed from reference spectrum resolution. 


quantification of a nonexistent calcium component. The addition of K derivative refer- 
ence spectra substantially decreases the error in measuring the Ca intensity. The data 
for the derivative reference results have been multiplied by a factor of 10 in Fig. 1(d). 
An improvement of a factor of approximately 50 is obtained when derivative references 
are used to compensate for a K spectrum resolution change of 5 eV. 


Measurement of Peak Shift 


As shown by Eq. (6), the coefficient of the first derivative term gives a measurement 
of the spectrum shift e« between an x-ray reference spectrum and its component in a 
spectrum being analyzed. Since the MLS procedure returns a constant for each of the 
reference spectra used in the fitting process, the constant returned for a correctly 
normalized first derivative reference can be used as a measure of the spectrum shift. To 
test the accuracy of this relationship, a series of manganese (Mn) K x-ray spectra 
generated by an Fe-55 radioactive source was acquired with the Mn Ka line calibrated at 
various energies over a range of +15 eV from its normal 5.890keV position. These spectra 


1:39 


were analyzed with the MLS procedure and by Gaussian fitting. In the latter case, 
Gaussian peaks of equal width were placed at the locations of the Ka and K8 lines. A 
nonlinear least-squares procedure was used to determine the peak position, intensity, and 
width that would best fit the Mn K x-ray data. A small tailing component on the low 
energy side of the peak was added to the Gaussian lineshape to adjust the model to the 
x-ray data. The results of these measurements are presented in Table 1. The agreement 
between the spectral shift calculated by the MLS method and that calculated by Gaussian 
fitting is within 1 eV for all but one case. This result indicates that accurate 
measurements of peak shift can be obtained by the MLS method if derivative references 
are used. 


TABLE 1.--Measurement of Mn Ka peak shift. 


Measured Shift (eV) 


MLS with Gaussian 
Derivative Reference Fit 


Calibrated 
Shift (eV) 


Conelustons 


This study shows that first and second derivative reference spectra can be used to 
compensate for peak shift problems and/or spectral resolution changes when x-ray spectra 
are analyzed by the MLS method. In addition, the magnitude of the compensation required 
to obtain accurate results can be estimated from parameters returned by the MLS 
procedure. These characteristics make the addition of derivative references a valuable 
tool when used with the MLS method to extract elemental x-ray intensities. 
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A PASSIVE SEM-MICROCOMPUTER INTERFACE FOR ACQUISITION OF ELECTRON IMAGES AND X-RAY MAPS 
W. D. Stewart, J. Christian Russ, and John C. Russ 


Scanning electron microscopes have been connected to mini- and microcomputers for many 
years, although the trend is now accelerating rapidly as the advantages of having the image 
information in a form available for processing become more widely known. The kinds of oper- 
ations that are useful include false or pseudo-color displays, image combination and en- 
hancement, and measurement of features within the image. All these applications have been 
well reported in the literature and are now available in various degrees in commercial sys- 
tems. 

The usual method employed for the interface is to have the microcomputer take control of 
the beam scan, using digital-to-analog converters (DACs) to generate voltages which drive 
the deflection coils in the SEM. However, as there are a great many different SEM designs 
that use unique voltage levels and in some cases rely on a close match between the charac- 
teristics of the electron optics and the built-in analog scan generators, this interfacing 
method is not always straightforward. Indeed, for some older instruments it is quite im- 
practical. 

A much less expensive and easier interface can be achieved without bypassing (or attemp- 
ting to drive with external signals) the built-in SEM scan generators. This method simply 
requires locating the appropriate signals within the SEM and bringing them out so that they 
can be be measured and tracked by the computer. Then the internal scan generators control 
the beam scan at all times, and the computer acquires the image by reading the voltages that 
tell it where the beam is located on the sample, and what the image signal is at that loca- 
tion. 

Figure 1 illustrates the setup schematically. The only connections from the SEM are 
passive. The voltages from the X- and Y-scan generators, which produce sawtooth voltages to 
drive the beam deflection coils, are brought out to an analog-to-digital converter (ADC) 
which has multiple inputs. (The one we use, which is typical of many modern designs, can 
actually accept 16 different inputs through a multiplexer and select any of them for read- 
ing.) The successive-approximation ADCs used in these single-chip devices typically have 
conversion times of 30-80 us. Because the voltages may range from several volts to milli- 
volts, depending on where in the SEM circuitry it is convenient to tap the signals, and also 
to provide a high impedance which will not load down the scan generators, operational ampli- 
fiers are used. Op-amps are inexpensive devices that can be readily configured to produce 
positive or negative voltages with various ranges. A common input voltage range for ADCs is 
45 V~. 

A similar op-amp is used to bring out the image signal, as shown. Since most SEMs have 
at least a secondary electron detector and some way to detect backscattered electrons, and 
may also have cathodoluminescence, electron-beam induced conductivity, or other types of 
signals, it is usually most convenient to tap the signal after the video amplifier (which 
will have the appropriate input selector and adjustable contrast and level controls). Al- 
ternately, it is possible when appropriate to connect each signal source to its own input on 
the ADC card, so that all images are available to the computer. 

The operational amplifiers can be purchased and a chassis built to house them, or com- 
mercially available attachments such as the G&W model 100, which provide these outputs, may 
be used. The three (or more) signals are brought to the computer by shielded cable to mini- 
mize interference from the plethora of radiating signals in the environment of both the SEM 
and the computer. The ADC card itself resides within the computer, connected to its system 
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bus. 

For normal acquisition of images, we use ADCs with 8-bit resolution (1 part in 256), 
which produce images 256 points wide. Higher resolutions (12 or even 16 bit ADCs) are read- 
ily available; the practical limitations to image size arise from storage space and proces- 
sing time. Figure 2 shows an example SEM image as photographed normally, and as digitized 
and redisplayed with 256-point lateral resolution. Further modification to sharpen edges or 
adjust the gray scale range for optimum viewing can also be applied, as shown.! The resolu- 
tion is entirely adequate for measurement of features in the images. 

The simplest way to acquire an SEM image using this passive scheme is to have the compu- 
ter program constantly monitor all three ADCs (X-posiition, Y-position, and image bright- 
ness) in a repetetive loop. The brightness can be stored in a memory location corresponding 
to the X- and Y-position of the beam (a 256 x 256 pixel image takes 65K bytes of storage) 
until the user determines that the entire image has been scanned and stops the program. 

There are several ways to improve this simple approach. First, by noting the Y-voltage 
when the image acquisition is begun (which need not be at the top of the image scan raster), 
the program can decide for itself when the image is complete. The Y-voltage increases to 
its maximum, drops sharply to its minimum, and then passes the original voltage. When it 
exceeds it by some small amount (e.g., 10%), the image should be complete. 

Another problem that may arise is missing pixels in the image. Many analog scan genera- 
tors are not perfectly linear. That does not matter much for purposes of normal SEM view- 
ing, because the same generator drives both the SEM beam and the display CRT, so that map- 
ping of points from one to the other is still accurate. However, at moderate scan rates, 
the nonlinearities may cause the voltage to increase so rapidly past an intermediate voltage 
level that some points are missed along a scan line, or even an entire scan line might be 
missed if a Y-value was skipped over. 

This problem can be handied in software. For both the X- and Y-voltages, the program 
can allow the digitized value to increment only by one. Further, the Y-value can be allowed 
to increment only after an entire X-line has been read in. The use of a "sticky" increment 
prevents blank spots in the image, even with quite nonlinear or noisy scan curcuitry, as we 
have found in some (especially older or 'low-cost') SEMs. 

The typical minimum acquisition time for a complete image is 5-10 s by this approach. Of 
course slower scans can also be used, in which case loss of pixels is much less likely to 
occur. Another modification that can be introduced for slow scans is signal averaging, 
where each pixel is actually read several times and the mean brightness value is recorded. 
This technique produces smoother images with less statistical noise, particularly with low 
beam currents. An alternate approach is to acquire several single scans and average them 
together afterward. Our software has the capability to store multiple images and combine 
them in varying proportions, and this feature can also be used with images of the same area 
using different detectors (e.g., secondary and backscattered electrons). 

Optionally, the system may also allow x-ray maps to be collected. If this is the case, 
then there are two ways to transfer the information to the computer. One is to use a con- 
ventional separate x-ray system, and to route the pulse output normally used to drive the 
SEM display to an interrupt input on the computer. The other is to use a pulse-measuring 
ADC card directly inside the computer. In the latter case, the computer may also be used as 
the multichannel analyzer, with complete facilities to collect, display, and process spectra 
and perform quantitative analysis.?»* For x-ray mapping, the user defines upper and lower 
energy limits (actually, limits on the pulse height coming from the pulse amplifier). When 
an event occurs that lies within those limits, an interrupt is generated within the system 
and the computer reads the DC voltages from the multiple input ADC which specify the current 
location of the beam. 

The program then increments by one the value stored at the memory location that corres- 
ponds to that X-Y position. This process builds up, over time, an x-ray image that differs 
significantly from the traditional "dot map" image. The brightness at each image point is 
proportional to x-ray intensity, and the gray-scale image can be processed (for instance by 
smoothing) before display. It is also possible to set discriminators to cut off a back- 
ground dot level to suppress the continuum background in the map, to use nonlinear bright- 
ness functions (or false color tables) in the display to enhance selected details, or to 
combine the x-ray images with electron images, as we have previously described.° 

Acquiring an x-ray map with enough information (enough x-ray counts) to produce a good 
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FIG. 1.~-Schematic diagram of connections from SEM to microcomputer (Apple) (e). 

FIG. 2,--SEM image of fracture surface in ceramic: (a) as photographed from SEM, (b) as di- 
gitized in microcimputer and redisplayed, (c) redisplayed after processing to sharpen edges 
and modify contrast function. 


gray-scale image frequently takes much longer than getting a conventional "dot" map, but 

the gray-scale mode of display gives much cleaner outlines to features and boundaries, and 
permits interpretation of variations in intensity directly. It is notoriously difficult to 
judge variations in dot density in a conventional map. Figure 3 shows an example of a gray- 
scale x-ray map of a copper grid on a nickel stub, compared to a minimal x-ray dot map of 
the same specimen. Note in these images that the "background" intensity is actually counts 
of Ni KS x rays from the substrate. The conventional map was acquired in a single 250s 
sweep; the gray-scale x-ray image required about } of continuous scanning. The latter 
image is well suited to processing or measurement. Figure 4 shows contour and Y-modulation 
displays of the image after smoothing. 

In conclusion, the principal advantage of the passive interface method is simplicity and 
low cost, as compared to direct beam control using computer-controlled DACs. In some cases 
it also minimizes nonlinearities that arise when the scan coils and circuits designed by the 
SEM manufacturer are not used together. It is much easier to locate the required signals 
within the SEM and bring them out for reading by the computer, than to implement ways to 
switch back to normal SEM operation. Once acquired, the images may be used in all the nor- 
mal ways, for processing, measurement, and enhanced display. 
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FIG. 3.--X-ray maps for Cu from copper grid on nickel substrate: (a) conventional, acquired 
in single 250s scan, (b) gray-scale image stored during continyous scanning for approxima- 
tely 30 min. 

FIG. 4.--Gray-scale x-ray map image from Fig. 3, smoothed and shown in (a) contour, (b) iso- 
metric or y-modulation mode. 
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HIGH-SPEED WIDE-AREA ANALYSIS BY ELECTRON PROBE 
Yoshiaki Ono, C. H. Nielsen, Shojiro Tagata, and Yoshihiro Seo 


Traditional analysis with the EPMA mainly utilizes extremely small probes for x-ray analysis 
of micro areas. Application of EPMA in two-dimensional analysis is confined to small areas 
due to limited electron probe scanning and problems with crystal defocusing, and is qualita- 
tive at best. Rapid accurate quantitative element analysis of a wide area (more than a few 
square millimeters) is very difficult. 

JEOL has engineered a new system, and developed a new method of analysis, which makes 
high-speed wide-area analysis possible. The system, based on the conventional EPMA, has new 
features which render it particularly suitable for wide-area analysis. None of the tradi- 
tional features of the EPMA is forfeited in its capabilities. The system accommodates a 
large sample, moves at very high speeds, acquires various data (e.g., x ray, BSE, SE, etc.), 
processes the data on line, and displays results of the two-dimensional analysis on a high- 
resolution color CRT or digital plotter. 


System and Method 


Figure 1 illustrates the system, which consists of the electron column, large specimen 
stage, x-ray spectrometers, x-ray counting system, computer, interface, data storage, data 
display, and so forth. 

The electron optical system, basically the same as the EPMA, provides stable high probe 
currents. The specimen stage is designed to accommodate large and heavy samples (up to 100 
x 100 x 20 mm), rapid sample exchange achieved through the pre-evacuation chamber, and high- 
speed (5mm/s) axis scanning. The computer-controlled stage moves at minimum lim steps, and 
its movable range in the X and Y direction covers 80 x 80 mm. 

The specimen chamber can be equipped with 5 wavelength-dispersive spectrometers (WDS), 
and one energy-dispersive spectrometer (EDS), secondary electron detector, backscattered 
electron detector, and so forth. The WDS is mainly used as an x-ray spectrometer for high- 
speed two-dimensional analysis. The WDS is particularly suitable for detecting trace ele- 
ment distributions in high-speed large-area analysis, because it provides better S/N ratio 
and wavelength resolution than the EDS, and has superior minimum detection sensitivity when 
high probe currents are possible. The annular, split-ring, backscattered-electron detector 
is capable of separating signals into pure topography images and pure composition images; 
the latter may be used to study distribution of mean atomic number in a wide area area of a 
sample. 

In wide-area x-ray analysis with the WDS, the height of an analytical point (Z axis) 
must be adjusted precisely over the entire area of analysis. The system uses the optical 
microscope to measure the height of the sample surface at four corners of the area of analy- 
Sis, then calculates the tilt of the surface, and continues to correct the sample height (Z 
axis) while analyzing the wide area. Stage reproducibility is approximately 1 um, and back- 
lash a few micrometers. When the distance between analytical points is less than a few mi- 
crometers, the system moves the sample only in one direction to collect information; when 
it is more than 10 ym, the system moves the sample in the reverse direction as well, neglec- 
ting backlash correction. The system employs gradual acceleration to start stage movement, 
and gradual speed reduction to stop the stage, in order to eliminate stage shift due to in- 
ertia. During acceleration and deceleration, the system continues to collect data. Minimum 
analysis time per point is 1 ms. Signals collected at each analytical point are processed 
by a computer, and stored in a two-dimensional array (maximum 1000 x 1000 points) on a hard 
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disk. Characteristic x-ray intensities are then converted to element concentrations and 
displayed on either the color CRT or plotter in such forms as single-element concentration 
maps, or contour maps, according to the operator's research requirements. 


Example 


Figure 2 shows an example of a wide-area analysis of Mn in a slab of continuous cast 
steel. The area analyzed is 76 x 34 mm and consists of 380 x 210 analytical points. In 
this analysis, C, P, and CR are also measured. Total time for the map was approximately 80 
min. X-ray intensities of each analytical point were stored on disk, converted to weight 
concentrations based on a calibration curve (obtained with standards}, and displayed on the 
CRT based on a user-selected color scale. The original color photo of Fig. 2 shows that the 
highest concentration of Mn is more than 0.8% as opposed to the average concentration of 
0.3%, and that Mn is segregated in the middle and forms a series of V-shaped zones. Wide- 
area element analysis of continuous cast steel is one of the crucial factors in studying the 
solidification process of iron and in determining optimum conditions for producing high- 
quality steel. 

Figures 3 and 4 show distribtuion of Al and Fe in chromite and other minerals that con- 
stitute dunite in ultramafic rock. The area analyzed is 1.8 x 1.8 mm. Other elements, Cr 
and Mg, were analyzed at the same time. A total of 360 x 450 analytical points are dis- 
played. Concentrations of both Al and Fe are converted to those of Al,0, and FeO, and dis- 
played on the color CRT. The concentration of Al,0, in chromite is the lowest in the core 
and increases toward the rim, forming radially symmetric zoning. Concentration of FeO, also 
low in the core and high in the rim, is high along the crack running from the upper left to 
lower right. Distribution of Cr,0, and MgO shows a reverse pattern of Al,O, and FeO, re- 
spectively. The figures indicate that zoning of Al and Cr had been formed before the dunite 
was cooled, because diffusivity of Al and Cr in spinel is smaller than that of Mg and Fe?* 
The asymmetrical zoning of Fe and Mg also indicates that these elements migrated along the 
crack immediately before or during the cooling of the dunite. Distribution of Al,0, is 
plotted in a contour map in Fig. 5. Studying uneven distribution of any element in minerals 
is one of the crucial factors in estimating the process of rock formation. The technique of 
wide-area two-dimensional analysis has substantially reduced time and labor required to mea- 
sure element distribution in rocks. 


Coneluston 


The simple technique of wide-area mapping opens up new fields of two dimensional analy- 
sis, especially those dealing with critical distributions of light or trace elements. An 
established tool in the steel industry, the wide-area analyzer solves steel quality control 
and processing problems, and aids in the development of new specialty steels. Materials 
scientists use wide-area analysis in the study of growth kinetics and two-dimensional diffu- 
sion processes. The digital form of the data is ideally suited to image type manipulation, 
yielding useful information such as trace carbon equivalent maps, atomic ratio maps, three- 
dimensional contour maps, and modal analysis. 
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FIG. 2.--Mn distribution in continuous cast steel. 
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COMPUTERIZED ANALYSIS OF ELECTRON CHANNELING PATTERNS 
S. H. Vale 


Electron channeling patterns (ECP) are a well-established technique for obtaining crystal- 
lographic information from samples in the scanning electron microscope.’ ECPs are 
commonly used for measurements of crystallographic texture? and material deformation,? but 
taking measurements from photographs and subsequent interpretation is tedious and time 
consuming. This paper describes a computer program that performs basic interpretation and 
analysis of an ECP acquired directly onto the computer display screen. 


Experimental 


ECPs were obtained from a specimen of electropolished silicon examined at 25 kV in a 
JEOL 840 SEM. The computer was a Link Systems AN10000, a computer normally used for x-ray 
microanalysis, with a 16-bit word length, 20 MHz CPU, 128 kbyte memory, 256 kbytes of 
extended memory for intermediate image storage and processing, and a 512 x 512 pixel 
display. An interface is provided for digital control of an electron beam through 12-bit 
DACs and for reading the secondary electron signal through a 5MHz counter. With the SEM 
set up to acquire an ECP, control of the electron beam position was taken by the computer 
and the beam rastered over a point on the sample. The intensity of the signal at each 
beam position was stored in extended memory to 8-bit precision and also displayed on the 
computer screen. 


Software 


The ECP analysis program consists of routines for editing files of crystal structure 
data, calibration of the SEM, defining the band edges of collected ECPs, and analyzing 
them. Ancillary routines are also provided for plotting the band edges of any required 
ECP, stereographic projections and simple crystallographic calculations. Figure 1 shows 
an ECP plotted on the computer screen for titanium about the 121 zone axis. 

A suite of programs have been developed to run on the AN10000 for general-purpose 
image collection, processing, and display. Figure 2 is a photograph of the computer 
display showing a contrast stretched ECP from silicon. The processed image data are 
stored in extended memory and can be re-displayed within the ECP analysis program. One 
can then define the edges of the ECP bands by moving a cross over the image on the display 
screen and selecting several points. A straight line is fitted to these points and the 
process is repeated for the other band edge (Fig. 3). The perpendicular distance between 
these lines is calculated and converted to a d-spacing on the basis of a calibration 
performed on a known specimen. The accuracy of this measurement is limited by the screen 
resolution and by the operator's subjective assessment of where the band edges are. One 
can overcome this limitation by performing a scan perpendicular to the direction of band 
to the full resolution of the DACs driving the electron beam (1 part in 4096). A profile 
across a silicon 220 band is shown in Fig. 4. Two cursor bars can be moved to select 
the positions on the profiles corresponding to the band edges. This measurement can be 
repeated at several positions on the band. This process is repeated for up to 10 
individual bands from the same zone. 

To proceed with the analysis of the ECP and if the sample can be identified, the 
details of the crystallographic data are entered from a file stored on disk. If the 
sample is one of several possibilities then each of these materials can be entered into 
the computer for comparison with the measured data. The analysis proceeds by comparing 
the list of measured band spacings and angles with those from reciprocal lattice sections 
from all the materials suggested for analysis. Due account is taken of any errors in 
measurement and calibration. 

After analysis the solution with the best fit can be selected and displayed on top of 
the original ECP (Fig. 5). At this stage, allowance can be made for the possible 180° 


ambiguity in the assignment of Miller indices to each of the bands by examination of the 
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FIG. 1.--Computer-generated band edges of 


ECP for titanium about 121 zone axis. 


FIG. 3.--Defining ECP band edges by use 
of cursor. 


FIG. 5.--Overlaid theoretical and experi- 
mental ECPs from silicon after analysis. 


FIG. 2.--Photograph of computer screen showing 
111 zone axis ECP acquired from silicon; 
secondary electrons, 25 kV. 


FIG. 4.--Profile across 220 band on silicon 
ECP. 
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FIG. 6.--Stereographic projection showing 
100 poles of sample in orientation given 

by ECP in Fig. 5 with respect to coordi- 

nate system of screen edges and electron 

beam. 


alignment of the theoretical pattern with neighboring zone axes around the fitted zone. 
The orientation of the crystal is now defined by this ECP. A matrix describing this 
orientation with respect to a coordinate system based on the electron beam direction and 
the screen edges can be stored on disk. Further matrices could be stored on the same disk 
file after analysis of many ECPs obtained from a polycrystalline sample. A routine can 
then be run on this stored data to display the orientations in stereographic projection 
forming a texture map. The 001 poles of the orientation represented by the ECP in Fig. 5 
are shown in the stereographic projection of Fig. 6. 


Cone lusions 


The computer can aid the user of ECPs in several ways: data acquisition, image 
processing, interpretation of data, and presentation of results. 
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Digital Image Processing and Image Analysis 


DEVELOPMENT OF AN AUTOMATED DIGITAL IMAGE ACQUISITION SYSTEM FOR AEM 
E. B. Steel, R. L. Myklebust, and A. A. Bell 


A VAX 11/730 computer was interfaced to a JEOL 200CX analytical electron microscope (AEM) 

for the purpose of producing and manipulating digital images from the microscope, and com- 
municating in real time with a VAX 11/780.* This combination of computers allows fast ac- 
quisition and sophisticated manipulation of large image arrays. Other systems, dependent 

on microcomputers, are often memory limited and have relatively slow acquisition and com- 

puting times, which makes sophisticated real-time image analysis difficult or impossible. 

A block diagram of the overall system is shown in Fig. 1. 


The 11/730 is used to control many 
functions of the AEM. The scanning 
coils (bright field and dark field) of 
the electron microscope are controlled 
by the 11/730 through digital-to- 
analog converters (DAC) and the output 
of the secondary-electron, transmitted- 
electron, and EELS spectrometer detec- 
tors on the microscope are input to the 
computer via analog-to-digital con- 
verters (ADC). The x-ray emissions 
from the specimen may be detected by 
use of two energy~dispersive x-ray 
spectrometers (EDS) (a zero-degree 
take-off angle ultrathin window EDS, 
and a high-take-off-angle beryllium 
window EDS) whose output is processed 
through a multiplexed multichannel 
FIG. 1.--Block diagram of analytical electron analyzer (MCA) controlled by the 11/ 
microscope-multiple VAX system. 730. The 11/730 also controls the six 

magnetic lenses of the AEM through DAC 
allowing the different modes of the AEM to be varied automatically. Additional controls 
for stepping motors to translate the specimen are planned. 

A network and a direct memory access (DMA} channel link the VAX 11/730 to a VAX 11/780. 
the network communicates between the two computers at 19 200 baud; the DMA communicates at 
a more than 100 000 words/s. The VAX 11/780 is equipped with a DeAnza IP8500 image analy- 
sis system with six image planes, each containing 512 by 512 pixels with 8 bits per pixel. 
The image analyzer has two monitors, one at the AEM for viewing images during live-time 
experiments and another monitor in an office which is used for software development or 
viewing of archived images. An array processor on the 11/780 is used for accelerating 
computing times for complex algorithms. 

The image-acquisition software controls the microscope so that either a scanning elec- 
tron microscope (SEM) image, a scanning transmission electron microscope (STEM) image, or 
electron energy loss spectrometer (EELS) image can be obtained. The system allows the SEM, 
STEM or EELS, and x-ray signals to be collected concurrently or sequentially. Realistic 
image arrays up to 1024 by 1024 pixels at magnifications of 20x to 800 000* with each pixel 
having a resolution of 12 bits (4906 gray levels) can be acquired and manipulated. Typi- 
cally, 512 x 512 pixel «x 8 bit images are collected for the electron images and due to 
x-ray signal limitations, selected area or 64 x 64 pixel x 8 bit images are collected for 
EDS x-ray images. 


VAX 
11/780 


f IMAGE 
& ANALYZER 
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The 11/730 is equipped with a 2Mbyte cpu and a 450Mbyte Winchester disk, and the 11/780 
has a 5Mbyte cpu, various disk drives, and a magnetic tape drive for archival storage. 
This multiple-Vax configuration allows rapid x-ray spectra acquisition and image manipula- 
tion, and storage with almost no problems of memory or storage limitations. 

The software for the system is written in a combination of Macro, Fortran, and LISP 
giving speed, flexibility, and computing power on a level currently unachievable by micro- 
computer-based systems. 

Some early applications of the system were in analyses of air particulates, thin-film 
standards, asbestos, and several other mineral particulates, including the use of image 
analysis for particle finding, image comparing, electron diffraction analysis, magnifica- 
tion calibration, and film thickness measurement. 
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MICRO IMAGING: A LINK BETWEEN MICROSCOPY, IMAGE ANALYSIS, AND IMAGE PROCESSING 


R. J. Lee, J. S. Walker, and J. J. McCarthy 


This paper introduces a novel procedure that couples image analysis software with more 
traditional microscopy functions. Simple in concept, the procedure takes advantage of 
recently developed digital~scan generator technology in the TN-5500 microanalysis system. 
We believe that this procedure will accelerate the integration of computer-controlled 
electron microscopy (image analysis and image processing) with the more traditional 
visual microscopic observation. 

Microscopy can be divided into three general activities. The first is probably best 
defined as Pan and Zoom. This activity requires a knowledge of the problem at hand and 
some ability to operate the instrument using functions such as: move the specimen, 
adjust the focus, vary the magnification to observe more or less detail, and so on. The 
second function is, in a broad sense, a processing function. This activity generally 
requires less knowledge of the problem and a greater skill and knowledge of the available 
signals (SEI, BSE, x ray, Auger, cathodoluminescence). The operator must know how to 
adjust the instrument in order to optimize the particular signal collection and display, 
how to enhance the collected signal, and so on. The third activity is often the most 
difficult: interpretation of the results from the second activity in terms of the entire 
process. Simply put: Is a "representative" micrograph real, and what does it mean? 

In automatic image analysis (AIA), as it has been more broadly defined, the spatial 
distribution of any combination of available signals is quantified. In its simplified 
form, the size, shape, and composition of individual discrete particles are collected, 
classified, and collated. Information about the distribution of particle size or shape, 
the distribution of species by frequency, volume, or weight are produced in tabular, 
histogram, or other form. 

These data, although extremely valuable, leave many microscopists wondering, "what 
happened to my micrograph?" How do I determine the texture, porosity, or chemical 
inhomogeneity associated with a particular group of features as I used to? In past usage 
of real-time analyzers, this qualitative information has been lost. In stored-image 
analysis (SIA), one attribute of a particle may be represented, for example morphology, 
but other attributes such as composition are not always simultaneously available. Also, 
if the zoom function is applied to increase the magnification of a stored digital image, 
only a limited 2x or 4x effective increase can be achieved. 

Micro Imaging overcomes many of these problems by implementation of a computer- 
controlled pan and zoom, with the zoom triggered through a specific algorithm much like 
that used automatically by an experienced operator. The operator may observe a shape or 
composition that registers in his mind as being significant. He may not think of it as 
such, but he develops an algorithm which describes a set of procedures specific to his 
problem. 

In Micro Imaging, the beam is scanned by the computer over the sample at some magnifi- 
cation, detecting features in sequence in the field. In a real-time version, for example, 
the magnification may be nominally 100x. Once a feature is located that meets some 
criterion described by a predetermined and computer-coded algorithm, the gain and offset 
of the scan are automatically adjusted so that a miniraster is centered about the feature. 
This approach is feasible in the TN-5500 because of the use of a 12-bit scan generator 
with separate 8-bit control of raster offset and size, which allows the computer to 
position the image raster anywhere in the normal field of view to one part in 256 and 
select a digital magnification of up to 128 times in the miniraster. 

The signal produced by the miniraster is retained in image memory and is displayed 
on the TN-5500 CRT. The image collection mode can be varied, and the magnification, 
focus, contrast, and brightness dynamically adjusted. The operator views the image on a 
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static display (nearly as valuable as a micrograph), then decides whether to store the 
image, spectra, and/or x-ray map on a disk for later retrieval. Once any of these 
operations is completed, the raster size and offset are reset to the initial conditions 
and the automated panning (i.e., image analysis operation) resumes. 

At this point, the value of Micro Imaging to link image analysis is probably apparent. 
What about image processing? At first glance, the link is not as apparent. In optical 
microscopy and in TEM, image processing operations are directly used to enhance detail 
after the operator has optimized the microscope operating conditions. Image processing, 
therefore, is the enhancement of images collected under less than optimal conditions. In 
a sense, this is exactly the condition under which most micro images are collected. 

There is little doubt, for example, that an experienced operator, given the location of 
the feature, could tilt, rotate, and otherwise tweak the knobs to produce a better image 
than those collected with automatic pan and zoom. With image-processing functions, this 
tweaking can to a large extent be performed on a postcollection basis, using digital 
filters to enhance images collected in the micro imaging mode. Thus, image processing 
functions may find extensive application in what would otherwise be routine manual 
searching and imaging. 


Applteatton 


The applications of this technique are extensive. For example, potassium and its 
compounds have a deleterious effect on the strength and stability of blast furnace coke. 
It is thus important to understand what potassium phases are present and whether volati- 
zation and/or condensation reactions occur which lead to potassium recycling and accumu- 
lation. In combined AIA/Micro Imaging, the abundance, size, and average composition of 
all mineral phases are quantified as in conventional real-time AIA. Sample results are 
shown in Table 1. These results illustrate depletion of potassium and silicate at the 
bottom hot zone and enhancement of these elements higher in the burden. The interpreta- 
tion of the raceway study will be reported elsewhere. Suffice it to say it is of interest 
to examine the potassium and silicate phases in detail to understand the probable 
reactions. 


Conelustons 


In summary, we have briefly described a new approach that combines automatic image 
analysis and image processing with more traditional visual microscopic evaluation. A 
specific illustration has been presented and the utility of this technique in other 
applications, such as the detection and analysis of minor or trace constituents in coal, 
ores, steel, or air particulate samples, is readily apparent. 
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STEM CALIBRATION BY ANALYSIS OF HOUGH TRANSFORMED IMAGES OF OPTICAL GRATING REPLICAS 


D. S. Bright and E. B. Steel 


A traditional method of calibrating the magnification of a scanning transmission electron 
microscope (STEM) is to measure the spacings of an optical diffraction grating replica.? 
Typically the spacings are measured along an intensity profile taken perpendicular to the 
lines of grating. A few linear-intensity profiles do not take into account the local non- 
linearities or bumps of the grating replica, and often multiple measurements on multiple 
images must be taken to average out these variations. The method presented here uses an 
algorithm that averages the grating spacings over the whole image rather than over a 
limited number of linear traces across the image. The accuracy of this algorithm is of 
the order of a tenth of a pixel for a given image, which is better than that needed for 
most applications. 


Experimental 


A 200CX JEOL analytical electron microscope was used in STEM mode, with digital image 
acquisition controlled by a PDP 11/23 computer.? The PDP 11/23 was linked to a VAX 11/780 
equipped with a DeAnza IP8400 image processor with 512 by 512 pixel resolution. The VAX 
was used for image analysis and the image processor was used for viewing. 

The JEOL 200CX has calibration adjustments for magnifications of 300x, 1000x, 10 000x, 
and 100 000x. Magnifications ranging from 3000x to 100 000x were tested because below 
3000x the 512-pixel resolution was not sufficient to resolve the grating lines. This was 
not a limitation of the algorithm or of the microscope but only of the resolution chosen 
for this experiment. 

The data represented here are from a replica of an optical line grating. The replica 
had been shadowed with tungsten to increase contrast. The STEM images of the replica 
appear as shaded lines (Fig. 1). Calibration of the STEM consists of measuring the 
spacings of these lines. 


Image Analysts 


The first step in analysis of the grating images was to take the gradient of the 
images (Fig. 2). The gradient operation emphasizes short-range changes in intensity and 
enhances the lines of shadowed gratings like this one. The lines were now adequately 
represented by the brightest 5% of the pixels in the entire gradient’ image. (By the 
gradient of an image, we mean an approximation to the magnitude of the gradient, calcu- 
lated as the maximum of the absolute values of the differences of the horizontal or 
vertical neighboring pixels.*) The advantage of using the gradient can be seen if the 
intensity profiles of the gradient image and of the original image are compared. 

The peaks of the intensity profiles (Figs. 1 and 2) vary noticeably in height due to 
the spottiness of the lines. This problem, as well as the above-mentioned bends in the 
lines on the replica, was overcome by using the Hough transform,'~° which results in 
spacing measurements that are averaged over most of the image. Mathematically, the Hough 
transform maps lines into points (Fig. 3). In our images, this operation had the effect 
of mapping the grating lines into bright spots on a much less intense background. The 
Hough transform was applied to the binary image made by thresholding the gradient image 
(Fig. 2) to select the upper 5% of the bright pixels. The result, which is not a binary 
image, is shown in Fig. 4. For the purposes of measuring the line positions the intensity 
profile along the spots (line A-B) showed an even better peak-to-background ratio than the 
intensity profile in Fig. 2. 

The horizontal position of any spot in the Hough-transformed image corresponded to 
the tilt 6of the corresponding line in the original image (Figs. 1 and 3). The analysis 
took advantage of this to identify the spots. Because the grating lines were parallel, 
the corresponding spots were on a vertical line (Fig. 4). The orientation of the grating 
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FIG. 1.--Original image with intensity pro- FIG. 2.--Gradient of Fig. 1; same location 
file along line (shown) perpendicular to for intensity profile. 
replica lines. 


(a) (b) 
FIG. 3.--(a} Coordinate system of original image (Figs. 1 and 2) and typical line segment. 
Area within circle represents area of original image represented by Hough transform and 
thus area covered by our averaged spacing measurement. (b) Coordinate system of Hough 
transform (Fig. 4) showing location of spot representing typical line in (a). 


did not affect the analysis but merely determined the position of the vertical lines. 
Grating orientation was important in calibrating the raster-scan aspect ratio of the 
microscope because the horizontal and vertical scan controls are adjusted separately. 

The vertical position of any spot corresponded to the perpendicular distance r of the 
line from the image center (Fig. 3). Measurement of the average line spacing was then 
equivalent to measurement of the vertical spacing of the spots. This time, rather than 
using a vertical intensity profile, as shown in Fig. 4, we used an average of the pixel 
positions, weighted by intensity, for each entire spot. 

The spots were located automatically, first by thresholding the Hough image to 
select pixels with 40-100% full intensity. These pixels adequately represented the spots 
and rejected the background (Fig. 4). The 40% threshold was not critical, due to the 
large signal-to-background ratio of the spots, and it worked on all of the images, regard- 
less of magnification. The resulting image had spots on a vertical line that obviously 
corresponded to the grating lines. Other spots sometimes occurred that corresponded to 
image borders or to scratches. 

Since the grating lines were parallel and evenly spaced, the algorithm searched for 
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FIG. 4.--Hough transform of brightest 5% FIG. 5.--Histogram of grating replica line 
of pixels in Fig. 2 with intensity profile spacings for the nine 10 000 magnification 
at bottom of picture taken along line A-B. images in Table 1, showing bimodal distri- 
bution due to digitization of slanted lines. 


TABLE 1.--Summary of calibration data. 


Nominal Grating Range of Number Number 
Magnification Replica Mean Spacing of of 
at STEM Spacing in pixels Spacings Images 
in pixels (one per per image 
(std. error) image) 
| 5,000 10.07 (0.18) 9499: “= 10.26 22 - 49 9 
10,000 26.38 (0.42) 26.10 -26.77 16 - 18 9 
30,000 79.0". (1.3) 77.0 ~- 80.4 2- 6 13 
50,000 130.7 (2.6) 125.9 - 133.3 2- 3 11 
/ 60,000 15567) (343) 149.5 - 157.9 2 11 


three or more spots that were vertically and evenly spaced. The algorithm started with 
one spot that had two neighboring spots equally distant above and below it. This process 
defined an initial estimate of the spot spacing. The algorithm collected any other spots 
within this distance by an upward and downward search from the initial spot, until no 
spot appeared in the image at the required distance. For operations such as testing for 
equal spacing or searching for spots, the algorithm allowed a small error tolerance in 
spot position that was proportional to the initial estimate of the spot spacing. The 
line spacing was then calculated by averaging of the spacing of all the selected spots. 
The averaged line spacing was needed to represent the measurement because of occur- 
rences of multimodal spacing distributions caused by digitizing of the lines. Figure 5 
shows the distribution of individual spacing measurements (the distance between two adja- 
cent spots) from nine images taken at the same angle and magnification. The modality was 
shown to be a digitization artifact by reproduction of the same modality with syntheti- 
cally (mathematically) produced lines. The mean value of these spacing distributions 
yielded the correct spacing. The modality was a function of angle: grid orientations 
with the lines orthogonal to or parallel to the microscope scans yielded unimodal spacing 
distributions, and other orientations yielded unimodal, bimodal, or trimodal distributions. 
The averaged line spacing measurements in pixels over a range of magnifications and 
images taken during a six-month period are shown in Table 1. The standard error of the 
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line spacing and thus of the magnification measurement is less than 3% in all cases over 
a 6-month period. These data show that the system and algorithm are stable enough for 
routine use. 


Conelustons 


The Hough transform is useful in an accurate determination of the spacing between the 
lines of an optical diffraction grating replica as observed on a STEM. This algorithm is 
currently being used to calibrate the magnification of our STEM. The same method can be 
used for the same purpose on the TEM, SEM, and light microscope, or wherever a line-spacing 
magnification standard is used. The use of the Hough transform has the advantage of 
averaging the line spacings over the interior of the circle in Fig. 3(a), rather than 
along a few intensity profiles. Also, the Hough transform improves the signal-to-noise 
ratio of the line spacings and so makes the measurement less sensitive to image contrast. 
The algorithm yields reproducible and accurate results, and works without operator inter- 
vention for most of our images of shaded grating replicas. 
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WAVELENGTH-DISPERSIVE TECHNIQUES FOR COMPOSITIONAL MAPPING IN ELECTRON-PROBE 
MICROANALYSIS 


R. B. Marinenko, R. L. Myklebust, D. S. Bright, and D. E. Newbury 


Digital compositional mapping is developing rapidly and is replacing conventional analog 
x-ray area scanning. Because of the high peak-to-background ratio of wavelength- 
dispersive spectrometers (WDS), compositional mapping is preferred to mapping with energy- 
dispersive spectrometry (EDS) for certain applications, especially when one is looking for 
low-concentration element distributions. Although commercial software from manufacturers 
of electron microprobes and SEM automation packages is available for acquiring digital maps 
by both EDS and WDS, only EDS has been used extensively.’’? This situation has probably 
developed because there are fewer technical problems in obtaining EDS maps and because 

data from more elements can be acquired in parallel. 

Digital WDS or EDS x-ray maps are preferred to conventional analog x-ray area scans 
because of the greater flexibility during analyses and the reliability of the final result, 
when long accumulation times are involved. By recording the x-ray data as true counts 
rather than a simple photograph, the data are preserved on disk or tape and made avail- 
able for subsequent manipulation with advanced image processing algorithms, which ulti- 
mately leads to more information about the image. 

This paper describes a study of problems encountered in acquiring and interpreting 
digital x-ray maps with WDS. The precautions needed to make the technique quantitative 
are discussed. 


Instrumentation and Data Acquisition 


The electron microprobe used in this work is equipped with three spectrometers, a 
standard Tracor Northern TN-2000 analyzer, and a TN-1310 automation system.* The PDP-11/ 
34 computer is configured with 48K words of memory including memeory management. 

The WDS digital x-ray maps were accumulated with a modified Tracor Northern XIP pro- 
gram and the accompanying Tracor Northern WDS module. These programs, as originally sup- 
plied by the manufacturer, had acquired only dot maps for a given element. Above a given 
threshold value, the element had been assumed to be present and below, to be absent. No 
gray-level quantitative information had been stored. Because quantitative WDS x-ray maps 
were needed, the programs were modified to store the number of counts observed at each pixel 
location. The array data were stored in extended memory and then dumped by blocks on a 
floppy disk when the extended memory was full. The modified version can record 32 x 32, 

64 x 64, or 128 x 128 pixel maps, and data from the three spectrometers can be acquired 
simultaneously. The maps are transferred from the floppy disks to a Digital Equipment 
Corp. VAX 11/780 computer, where the data are separated into individual maps for each 
spectrometer for display on an IP 8500 DeAnza Image Analysis System. 

The time required to acquire a map depends on the size of the map and on the accumula- 
tion time for each pixel. High beam currents are generally used to improve count rates. The 
time per pixel for most pure elements with a high count rate is usually a few tenths of a 
second, whereas maps of low-concentration elements are sometimes taken at several seconds 
per pixel. These latter maps are often acquired in overnight runs of 10 h or more. 


Discusston 


With standards data and background corrections, k-ratios could be immediately calcu- 
lated from the accumulated counts at each pixel. The resulting k-ratio maps could then be 
transferred to the VAX for quantitation at each pixel. Unfortunately this procedure is 
limited to maps taken at high magnification. At lower magnification defocusing effects, 


The authors are at the Center for Analytical Chemistry, the National Bureau of 
Standards, Gaithersburg, MD 20899. 

*Certain commercial equipment, instruments, or materials are identified in this paper 
to specify adequately the experimental procedure. Such identification does not imply 
recommendation or endorsement by the National Bureau of Standards, nor does it imply that 
the materials or equipment identified are necessarily the best available for the purpose. 
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which are different for each spectrometer, become evident and can cause errors as great as 
50% relative. X-ray maps of chromium taken simultaneously with the three spectrometers 
(LiF crystals) on our instrument are presented in Fig. 1. The three maps to the left are 
original. When pseudo gray levels are used to display these maps, the three maps on the 
right are obtained. The wide gray bands are the regions of most intense x-ray detection. 
Spectrometer 1 is inclined, 2 and 3 are vertical. The line of focus is different for each 
spectrometer. At the 400x magnification used to record these maps, there is appreciable 
change in intensity across the surface of this homogeneous specimen. The number of accumu- 
lated counts per pixel varies from 7474 to 18 187 in map 1A. Rocking the crystal in con- 
junction with the scan can be used to correct defocusing mechanically, but such a proce- 
dure is only applicable to one spectrometer where the line of focus is set parallel to the 
scan line. 

A study of homogeneous specimens was begun to elucidate the problems involved in x-ray 
mapping and to demonstrate a workable technique before more complex specimens were exam- 
ined. A "standard map" procedure was used.* In this procedure, a digital x-ray map of 
each of the standard elements is recorded with the respective spectrometer used for mapping 
the same element in the unknown specimen. After making background and dead-time correc- 
tions, pixels from the unknown specimen and standard are matched for a k-ratio calcula- 
tion on each pixel. A modified version of the NBS data reduction program, FRAME 4, is 
used to calculate concentrations from the k-ratio at each pixel point, with a resulting 
concentration distribution. This procedure was used to analyze several of the NBS SRM 481 
gold-silver alloys which were previously shown to be homogenous on the micrometer 
scale.°’® In Table 1 the mean concentrations calculated from all 64 x 64 pixels in each 
composition map of these SRM alloys are tabulated and compared to the certified values. 
The gold concentration is systematically low in these analyses because of a fundamental 
error in the data reduction (ZAF) calculations, not because of any imaging effect. The 
digital x-ray map for Ag La x-ray emission from the silver standard and the respective 
calculated concentration maps for Ag La in three of the alloys are in Fig. 2. The same 
pseudo-gray-level display technique has been applied to all four maps. Since the maps in 
2B, C, and D are from homogeneous specimens, each composition map should be nearly homog- 
eneous if the standard map procedure had, in fact, pronerly corrected for the defocusing 
effects. Note that these maps are considerably more homogeneous than the standard Ag La 
map (Fig. 2a). 

There are several considerations in the quantitative mapping procedure. Often the 
specimen and standard have blemishes such as voids, scratches, inclusions, or cracks. 
These blemishes cannot be always avoided or eliminated from the scanned area when working 
at 200-800 magnification. They show up vividly in the digital x-ray maps (Fig. 3). Even 
contamination build-up from a previous raster scan on the same specimen becomes evident in 
the map. This effect is visible in Fig. 3(b) (upper right), which was recorded after 
Fig. 3(a) (upper left) was completed. On the standard specimens these blemishes are data 
outliers and can be removed by smoothing techniques which are currently under development 
by one of the authors. Such smoothing was done for the golid-silver data cited above. 

The size of the standard in a technique such as EPMA has traditionally not been a con- 
sideration. But when scanning at 200 or 400x magnification, often the standard is too 
small for the rastered area. A specimen must be at least 0.5 mm in each direction at 200~x. 
Also, when taking separate maps on the standard and specimens, the time requirement for an 
analysis can increase significantly. That may not be quite as serious as it sounds since 
a substantially higher count rate is usually observed for the standard. The time per point 
can be therefore reduced when one is acquiring the standard map; time corrections can be 
made later with software. 

Alternatively, to avoid the necessity of scanning standards for each map, a limited 
collection of maps can serve as the basis for modeling additional standards as needed. 
Techniques for modeling standard maps are currently under development. 
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TABLE 1.-- Quantitative analysis of EPMA digital x-ray maps. 


SRM 481 gold-silver alloys (concentrations in weight percent) 


Element Alloy 
Au80Ag20 Au60Ag40 Au40Ag60 Au20Ag80 
ERE ee AuMa 80.05 60.05 40.03 22:08 
Seen Saree AgLa 19.96 39 .92 59.93 77.58 


AuMo 78.75 58.10 38.06 21.22 


X-ray maps modified FRAME* jotg 19.68 39.75 59.05 77.50 


*Mean composition values calculated from all 64 = 64 pixels in respective composition map. 
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FIG. 1.~--Digital x-ray maps of Cr Kaline taken at 400x magnification, 20 kV, 128 x 128 
pixels, 0.5 s. A (upper left), inclined spectrometer 1; B (upper right), vertical spec- 

trometer 2; C (lower left) vertical spectrometer 3. Maps at left are original, those on 
right are displayed with pseudo gray levels. 


.--Digital x-ray maps taken with the 


Pig. 2. 


Digital x-ray map of silver standard. FIG. 4 
A (upper left), calculated Ag Lacomposition inclined spectrometer at 400 magnifica- 
maps for B (upper right), Au? °Ag®? alloy; ¢ tion, 20 kV, and 128 x 128 pixels. A 


lower left) Au chee? alloy; D (lower right) (upper left), chromium; B (upper right), 

Au® Ag*? alloy. All maps were taken at 400x chromium taken after map in A was recorded; 

magnification on vertical spectrometer 2 with C (lower left}, scandium; D (lower right), 

AgLa line, 20 kV, 64 x 64 pixels, 1 s/pixel germanium. Blemishes such as scratches, 

for alloys, 0.5 s/pixel for silver standard. voids, cracks, and contamination markings 
are visible in all maps. 
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AUTOMATED METHOD FOR ANALYZING IMAGES CONTAINING ELECTRON DIFFRACTION SPOTS 
D. S. Bright and E. B. Steel 


Elect.con diffraction patterns of polycrystalline substances are routinely obtained for 
small sample areas by use of the analytical electron microscope in the selected-area dif- 
fraction mode. These patterns typically appear in images on film that are analyzed 
manually.* Our diffraction images are digitized directly on the microscope with a tele- 
vision camera, or with a scanned diffracted electron beam. Sometimes, they are digitized 
later by optical scanning of a negative. Automated analysis of the digitized images 
yields basis vectors describing the single-crystal spot patterns. 

Our applications often require the identification of a single particle or group of 
particles within an agglomerate of particles. In these cases, several particles of 
differing crystal type contribute to the diffraction image and yield several superimposed 
diffraction patterns. The particle of interest is oriented to a zone axis; the other 
particles are at random orientations. Thus the diffraction maxima from the particle of 
interest forms a regular array amid the less regularly positioned maxima from the other 
particles. Automated analysis of such images is often difficult because of overlapping 
diffraction images that yield complex combinations of rings, arrays of spots, and isolated 
spots. 

The computer method presented here includes image processing to locate all of the spots 
in the image and an algorithm to select, from among these spots, the groups of spots that 
belong to regular arrays. Each array represents a singie crystal and is described by a 
pair of basis vectors,’ which is then used for compound identification by comparison with 
standard diffraction data. 

As illustrated by the scan line in Fig. 1 or the mesh plot in Fig. 2, most of the dif- 
fraction maxima are spots or peaks consisting of a few pixels that are superimposed on 
diffraction rings on a large Gaussian-shaped background. The first step in processing 
such a diffraction image is to isolate the spots from the rings, the background, and the 
image of the beam stop. The isolation is accomplished by a two-dimensional top-hat 
filter* which, for the image in Fig. 1, is set for a spot radius of 1 pixel, a local back- 
ground radius of 3 pixels, and a spot height above local background of 10 units (out of 
255 full scale). This filter adequately isolates the spots from the other components in 
the image, as shown in Fig. 3. 

The problem is to select, from all of the spots, a group or subset of spots that 
represents a single crystal and thus gives a pair of basis vectors. The basis vectors are 
two vectors of minimum length that subtend a minimum angle that describe the relative 
positions of a two-dimensional regular array of points. The coordinates of the spots in 
the top-hat-filtered image are first determined by an algorithm that segments the image 
into background pixels and spot pixels. Background pixels are set to zero intensity by 
the top-hat filter. Pixels of a single spot are contiguous with each other but not with 
pixels of other spots. The coordinates for each spot are the intensity-weighted averages 
of the pixel locations for each contiguous pixel group. 

Given the spot positions, the algorithm selects a spot (somewhat arbitrarily from 
among the brighter spots that are near the center of the image) and examines the neigh- 
boring spots in an attempt to get an initial approximation for a pair of trial basis 
vectors. Each single trial basis vector must correspond to the spacing between three 
colinear, equally spaced spots that include the above selected spot. The details for 
selecting the trial pair of vectors will be published later. If a trial pair of basis 
vectors can be found, then the original spot probably belongs to a regular array of spots 
in the image. 

The algorithm then starts again at the initially selected spot and, using the vectors, 
collects other spots belonging to the regular array by hopping from spot to spot through- 
out the image, thereby locating those spots which fit the basis vectors, until no more 
spots can be reached by moving along the vectors. The hops for one such process are shown 
by the arrows in Fig. 4. The collection process halts at any spot when no new neighboring 
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FIGs 1.--Original image with intensity pro- FIG. 2.--Mesh plot showing intensity as func 
file taken horizontally across image just tion for portion of original image just to 
above beam center. the lower left of beam center. 


| FIG. 3.--Top-hat-filtered image (dark back- 
(ground with the dimmer spots artificially 

| brightened for display) superimposed on 

original image (Fig. 1). 


3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
el 
3 
3 
3 
3 
a 
| 
3 
a 


FIG. 4.--Automated array identification: FIG. 5.--Refined array: all occurrences of 
brighter spots of Fig. 3 selected for one of the two basis vectors. After vec- 

analysis; 0 dots that belong to one regular tors are measured from image as differences 
array; + search paths or "hops" used to find in spot coordinates, they are averaged for 

circled dots. final determination of basis vector. 
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spots can be reached by one hop in any direction allowed by the basis vectors. An error 
tolerance is built into the algorithm so that a spot, to be reachable, is allowed to be 
located within a small area of the image, rather than centered exactly on the tip of the 
vector. 

The circled spots in Fig. 4 that have no associated arrow have been rejected by the 
algorithm as not lying in the array. The spots that are not circled are rejected by 
default, as these regions of the image were not reached from the initial spot by repeated 
applications of the basis vectors. In other images, the spots not selected by this pro- 
cess could be formed by electrons diffracted by another crystal and thus could be analyzed 
by re-application of the algorithm to them. However, in this image the spots were 
randomly spaced reflections of crystallites. The algorithm therefore halted after failing 
to find any other pair of basis vectors. 

Once the spots have been selected, a more accurate determination of the basis vectors 
is calculated by averaging all of their occurrences between the selected spots. All the 
occurrences for one of the vectors used in Fig. 4 are shown in Fig. 5S. 


Conelustons 


We have applied a computer method to the analysis of agglomerate particles that auto- 
mates the analysis of spots in electron diffraction patterns. The method isolates the 
zone-axis diffraction pattern in a polycrystalline diffraction image by isolating the 
spots from other features of the image and then by selecting the spots that belong to a 
regular array. The method gives the basis vectors for the array that can then be used to 
identify the particle by comparison with standard diffraction data. 
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7 
Materials Analysis and Failure Analysis 


ANALYSIS OF ATMOSPHERIC CORROSION PRODUCTS ON METALLIC COATINGS 
J. J. Friel 


Sheet steel coated with Al, Zn, or a combination of them is often used to resist atmospheric 
corrosion in applications involving outdoor exposure. The performance of Zn and Al-Zn alloy 
coatings in both atmospheric and laboratory tests has been previously reviewed by Friel and 
Townsend and by Townsend and Zoccola.“ The principal components of the atmosphere that re- 
act with these coatings are generally surmised to be SO, and Noy gases in industrial envi- 
ronments and chlorides in marine environments, along with H,0 and CO, in both cases. 

The analysis of corrosion products can provide information about these reactions but is 
hindered because of (1) limited mass, (2) interference from the substrate, and (3) lack of 
crystallinity. Previously Friel and Mehta” examined various experimental techniques to ana- 
lyze the corrosion products of Zn and Al coatings in an industrial atmosphere and found that 
amorphous sulfates of Al, Zn, and Fe were common. In this paper the study was extended to 
the marine environment, and a method of analysis was developed based on the SEM rather than 
the AEM. 


Experimental 


Panels of metallic-coated sheet steel were examined after 3 years of exposure to the 
marine atmosphere at Kure Beach, N.C., 25 m from the Atlantic Ocean. The panels are de- 
scribed in Table 1 along with original and present coating thicknesses determined metallo- 
graphically. Samples were cut from the center of each panel. The skyward surface was exam- 
ined in all samples, and the groundward side was examined in selected cases. The corrosion 
products were extracted from the metallic substrate on cellulose acetate and coated with a- 
bout 20 nm of carbon. The acetate film with the particles on top was placed on a beryllium 
grid, and the acetate was dissolved in acetone leaving the carbon-coated corrosion products. 
The grid was then mounted on a carbon stub for scanning electron microscopy. The effect of 
this procedure is to eliminate interference from the substrate and minimize it from the sur- 
rounding grains. One sample of Al-Zn-coated sheet steel was mounted in cross section and 
polished by means of a lapping oil instead of water to preserve the interdendritic corrosion 
products within the metallic coating. These products were analyzed quantitatively for 
Al,0O,, ZnO, and SO; with a JEOL 733 automated electron probe microanalyzer (EPMA). Water 
was included by difference. The EPMA was operated at 15 kV and 10 nA. The extraction 
replicas were examined with an Amray 1600 SEM, and selected samples were analyzed with a 
Philips EM400 AEM. The AEM was used to observe the smallest particles and to check for 
crystallinity. Even though crystallographic information is available from the AEM, the 
SEM is faster and yields more representative results. This improvement in confidence comes 
from the ability to examine more particles in a given period of time and also from the 
analysis of larger particles that make up the greatest volume of products on the surface. 
X-ray diffraction (XRD) was also carried out on coupons of the corroded sheet steel. 


Results and Diseusston 


The results of SEM/EDS, AEBM/EDS, and XRD analysis are given in Table 2. It can be seen 
that Al-sulfate is common on the coatings that contain Al, and this result is consistent 
with our earlier results in an industrial atmosphere. ° This phase is surely hydrated, but 


The author is at the Homer Research Laboratories of Bethlehem Steel Corp., Bethlehem, PA 
18016. The aid of Charlies Santos is acknowledged for his sample preparation, and that of 
Linford Hahn and James Kerner for their assistance with the analyses. 
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the degree of hydration is not known. Selected area electron diffraction in the AEM con- 
firmed that these particles are amorphous and thus are not detected by x-ray diffraction. 
However, XRD analysis is useful for compounds of metals with only light elements, such as 
Zn, (CO,),(OH),. These elements are particularly difficult to confirm by energy-dispersive 
spectroscopy because only the metallic element appears in the spectrum and may be confounded 
with the pure metal. Unlike the Al-containing coatings, the Zn coating produced all crys- 
talline products including Zn-sulfate; thus, XRD was the most informative technique. On the 
basis of all the data, a summary of the probable corrosion products forming on each of these 
coatings is given in Table 3. 

In addition to the corrosion products, the surface of these coatings also contained 
NaCl, Si0,, and clay minerals, but these were easily identified. The remains of some marine 
microorganisms were also observed. The zinc coating was the only one on which chlorides 
were found. Evidence of small amounts of chlorine was present in some of the EDS spectra 
from all of the coatings, but individual chloride particles could not be located. However, 
the absence of chlorides may be due merely to dissclution in rainwater. The high concentra- 
tion of sulfates, though, was a surprising finding. They would be expected in an industrial 
atmosphere, but not in a marine one. They occurred equally on the skyward and groundward 
sides and were highly adherent to the surface of the coating. In fact, they may provide 
protection from additional attack, although this possibility has not been demonstrated. 

In an attempt to learn more about these compounds, the EPMA was used to analyze some of 
them found on the Al-Zn-coated steel. The microstructure of this coating consists of Al 
dendrites surrounding a Zn-rich interdendritic region. It is known that the Zn-rich area 
corrodes preferentially and the channels thus formed fill with corrosion products retarding 
further corrosion.” In the past it has been assumed that these products were zine rich. 
However, our analyses show that Al-sulfate-hydrate containing various amounts of zinc is the 
principal interdendritic corrosion product. Examples of representative analyses are given 
below: 


4A1,0,*Zn0*SO, *4H,0 


The analytical sensitivities given above are dueto counting Statistics alone and are 20 
values. Other uncertainties arising from the sample or within the instrument will increase 
these values. It is evident that the composition and extent of hydration is variable, but 
in each analysis, the calculated stoichiometry worked out closely to integral molar propor- 
tions of each component. 

In addition to the samples exposed at the Kure Beach 25m lot, a sample of the Al-Zn 
coating exposed for three years 250 m from the ocean was also analyzed. The predominant 
corrosion product on this panel was once again Al-Zn-sulfate-hydrate. If sulfates are com- 
mon as far as 250 m from the sea, the source of the sulfur is probably the atmosphere. 
These results demonstrate the significance of sulfur compounds in the atmosphere and imply 
that sulfur as well as chlorine must be considered when engineering a corrosion-resistant 
coating system for use in the marine atmosphere. 
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Conelustons 


® Use of extraction replicas in the SEM or AEM permits qualitative analysis of atmos- 
pheric corrosion products on coated sheet steel. 

@ Metallographic polishing in lapping oil retains corrosion products for quantitative 
analysis with the EPMA. 

@ Sulfur is a significant factor in the process of atmospheric corrosion in the marine 
environment. 
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TABLE 1.--Sample description. 


Coating Nominal composition Coating thickness (ym) 
1981 1984 

Al-coated Type 2 Al 39 36 

Galvanized Zn 17 10 


Galvalume* Zn 55 Al 1.6 Si 32 28 


*Galvalume Sheet Steel is Bethlehem Steel Corp.'s trademark for a product with the 
coating composition given above. 


TABLE 2.--Analytical results and interpretation. 


Technique Al-coated Zn- coated Al-Zn-coated 
SEM 
Results Al,S 2n,53 Zn Al,zn,S 
Interpretation Al-sulfate  Zn-sulfate Al-Zn-sulfate 
Zn- (oxide, hydroxide, 
carbonate) 
AEM 
Results Al,S; Al zn Al,S 
Interpretation Al-sulfate Zn-(oxide, hydroxide, Al-sulfate 
Al-hydroxide carbonate Al-sulfate 
XRD 
Results 4Al503 HO Zns (C03) (OH) ¢ Al» (OH) g° HO 
A1(OH) 3 Zns (OH) gClo ZnO 
ZnSoy, 
ZnO 


TABLE 3.--Probable solid corrosion products. 


Al-coated Zn- coated Al-Zn-coated 

Al-sulfate- Zns (C03) 5 (OH) ¢ Al-Zn-sulfate-hydrate 
hydrate Zns (OH) gClo Al, (OH) ¢ *H,0 

4Alo03*H»O ZnO ZnO 

A1 (OH) 3 ZnSO, 
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ELECTRON MICROPROBE DETERMINATION OF PHASE EQUILIBRIA IN THE Cu-As-Sn SYSTEM 
J. F. Roeder and M. R. Notis 


The Cu-As-Sn system is important in both archaeological and modern contexts. The majority 
of ancient Cu alloys with Sn and As are properly considered binary systems (Cu-As or Cu-Sn), 
whereas ternary Cu-As-Sn alloys might be expected, based on ore sources. However, some 
true ternary Cu~As-Sn alloy compositions have been found in artifacts.* Clearly, the ef- 
fects of tin on arsenical copper of antiquity are not well understood. In the modern con- 
text, As is an important impurity in continuous copper smelting operations. ° Maes and 

de Stryker*?® performed an extensive study of the Cu-As-Sn system and generated the only 
available equilibrium phase diagram. However, their techniques were restricted to thermal 
analysis, optical metallography, and limited x-ray work, so that tie lines were not deter- 
mined for the system. In the present study, quantitative chemical analysis with an electron 
microprobe was used to determine tie-line end member compositions in various regions of the 
Cu~As-Sn system for two Cu-rich alloys isothermally transformed at 570 C. Quantitative 
electron metallography was used to check that the bulk compositions of the alloys were con- 
sistent with the tie-line results. 


Experimental 


Two 10g alloys with compositions Cu-2 wt% As-20 wt% Sn (alloy 1) and Cu-10 wt% As-2.5 
wt% Sn (alloy 2) were melted at 1100 C under vacuum in sealed quartz ampoules and water 
quenched. Due to the high vapor pressure of arsenic over the melt, estimated to be as high 
as ~ 4 atm at 1100 C from available thermodynamic data,°’’ arsenic losses were expected. 
Alloy 1 was isothermally transformed at 570 C + 3 C for a total of 196 h. Alloy 2 was held 
at the same temperature for 100 h. After mounting and polishing, phase compositions of the 
transformed alloys were analyzed by point counting on a JEOL 733 electron microprobe opera- 
ted at 20 kV accelerating voltage, 10 nA beam current, and 40° take-off angle, and equipped 
with a Tracor Northern TN2000 computer system. The ZAF correction technique was used to ob- 
tain composition in weight percent. Pure-element standards were used for Cu and Sn and a 
pure-NiAs standard was used for As. Bulk compositions were verified using the Image Proces- 
sing Program available on the TN2000. This program calculated the area fraction for each 
phase present from color video images obtained at 300x magnification and generated from a 
backscattered electron (BSE) signal, smoothed by averaging nine nearest neighbors for each 
pixel in the video image (256 x 256 pixels) and repainted into two colors. We determined 
the actual bulk composition by first converting area fraction to weight fraction (assuming 
a linear dependence of density on the experimentally determined compositions of the consti- 
tuent phases) and then back calculating for the bulk composition. 


Results and Discussion 


BSE images of alloys 1 and 2 are shown in Figs. 1 and 2. The phases present in alloy 1] 
are: Y (light) + a (dark); in alloy 2: a (dark) + Cu,As (light). Quantitative line pro- 
files across various regions of the specimens revealed a high degree of homogeneity; thus, 
the alloy microstructures appear to be very near equilibrium. Both alloys were found to be 
near equilibrium after the specified holding times, but alloy 1, which contained consider- 
ably more Sn, took longer to equilibrate. After 100 h, alloy 1 contained a layer with high- 
er Sn content than either phase at the a/y particle interfaces and of varying thicknesses up 
to ~5 um. After an additional 96 h at 570 C, a homogeneous microstructure was obtained. 
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TABLE 1.--Experimentally determined tie-line compositions. 


Composition (wt%) 


Phase Boundar Cu 
a/atry 85.32 + 2.04 
y/a+y 13672 Te65 
a/o+Cu,As 91.23 + 2.46 
Cu,As/d+Cu,As 71.94 * 2.22 


2 


As Sn 
240 + 6.54. 12.28 + 0593 
1.54 + 0.54 24.74 + 1.08 
7.19 + 0.65 1559 +0005 
7.87 + 1.17 0.14 + 0.24 


TABLE 2.--Original and experimentally determined bulk compositions. 


Composition originally 


Experimentally determined 


weighed out (wt) (wt%) 
Allo Cu As Sn Cul As Sn 
1 77.99 1.99 20.03 78.2 1.9 20.0 
2 87.51 10.01 2.48 88.9 9.7 1.4 


FIG. 1.--Backscattered electron image of 
Alloy 1 isothermally transformed at 570 C 
for 196 h. 


FIG, 3.--Digital image 
gram for digital image. 


of Alloy 1 and histo- 
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FIG. 2.--Backscattered electron image of 
Alloy 2 isothermally transformed at 570 C 
for 100 h. Arrow indicates Sn0O. inclusions. 


FIG. 4.--Isothermal section in Cu-rich 


corner of Cu-As-Sn system at 569 C (from 
Ref. 5). 
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This result indicates that Sn is the slow diffusing species, which is not surprising con- 
sidering the large atomic size of Sn compared to As. 

Figure 2 reveals the presence of cuboidal inclusions in alloy 2. These inclusions pro- 
duced energy-dispersive x-ray spectra containing only Sn peaks and with a very small amount 
of Cu, probably from the matrix. We found the inclusions to be Sn0, by quantitative analy- 
sis using the ZAF technique with a stoichiometric SnO, standard and computing oxygen by 
difference. These oxide inclusions, which probably resulted from a poor vacuum during melt- 
ing, were assumed to have no effect on the metallic phase equilibria. 

The experimentally determined tic-line end member compositions for each alloy are given 
in Table 1. Ten points were taken for each average and the errors represent deviations from 
the mean for a 99% confidence level. The bulk composition of another alloy, not reported 
here in detail, was analyzed both by the IPP package technique and by quantitative area 
scanning using a 6 x 6 grid matrix in an adjacent region of a specimen. The results agreed 
quite well: 67.3 wt% Cu-9.8 wt% As-22.9 wt% Sn by IPP vs 67.2 wt% Cu-10.6 wt% As-22.2 wt% 
Sn by quantitative area scanning. These results demonstrate the utility of the IPP approach 
to bulk composition determination in comparison with the more tedious area-scanning method. 

Figure 3 shows a smoothed and repainted digital color image as well as the histogram for 
the color image of a representative area of alloy 1. As mentioned previously, the light 
phase is ¥ and the dark phase is &. The digital image in Fig. 3 was generated from the same 
area shown in Fig. 1. In all, five areas were analyzed for each alloy. These results also 
indicate a homogeneous microstructure. The experimentally determined bulk compositions and 
starting alloy compositions are given in Table 2. The results are in excellent agreement 
for alloy 1, but Sn losses from alloy 2 appear significant. This result was consistent 
with the presence of SnO inclusions. Surprisingly little arsenic was lost from either al- 
loy. 

All results for alloys 1 and 2 are shown in Fig. 4 superimposed on an isothermal section 
for 569 C redrawn on a computer graphic system. All of the pertinent phase boundaries ex- 
cept the a + Cu,As/Cu,As boundary appear to need correction. Although Maes and 
de Stryker’’~ investigated some 250 alloy compositions, very few of their alloys were loca- 
ted near the ends of the tie lines in the Cu-rich corner determined here to be at variance 
with their work. Given the present results, these boundaries were redrawn with dashed lines 
aiso shown in Fig. 4. The redrawn phase boundaries near the Cu corner are consistent with 
each other based on a rule of phase diagram construction® which states that the boundaries 
of a single-phase region in the corner of a ternary phase diagram must both extend into 
either one or two phase regions. The redrawn y/(® + Y) boundary places some question on the 
overall shape of the y phase field in the ternary system. Finally, the bulk compositions of 
the two alloys fall on the independently determined tie-lines, which shows that the results 
from the IPP package are consistent with the point counting. 
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METASTABLE PHASE FORMATION IN Ni-IMPLANTED Al: 
AN ANALYTICAL ELECTRON MICROSCOPE INVESTIGATION 


D. M. Follstaedt and A. D. Romig Jr. 


Ion implantation is being widely used to form metastable alloys in the near-surface region 
(~0.01-1.0 um) of metals.’’* By athermal injection of ions with energies from a few keV 
up to several MeV, virtually any atomic species can be alloyed into any host metal, 
independently of many of the thermodynamic constraints that apply to thermal alloying 
processes. Implanted alloy microstructures are currently being extensively investigated 
in attempts to arrive at a more general understanding of the phases that are produced.’ 
The phase types include metastable solid solutions, amorphous phases, and second 
crystalline phases. 


Al-Nt Alloys: Background 


Alloys of Al and Ni have been shown to be a useful model system for the study of 
metastable phase formation with the techniques of ion implantation and ion irradiation 
as well as pulsed melting. This single~alloy system exhibits a number of metastable 
modifications to its equilibrium phase diagram, including the absence of equilibrium 
phases, and the formation of metastable solid solutions and an amorphous phase. Further- 
more, the Al-Ni alloys can be studied over a’ wide concentration range by several ion-beam 
techniques,° which allows the metastable features to be characterized as a function of 
concentration and type of ion beam process. Figure l(a) shows the Al-rich portion of the 
A1-Ni equilibrium phase diagram as taken from Hansen.” Studies of Ni-implanted <110> Al 
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composition of A1Ni precipitates as determined in the present study. 
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at concentrations up to 32 at.% Ni yielded the following microstructural observations: ® 
(1) the equilibrium phases Al3;Ni and Al3;Ni, do not form; (2) for <20 at.% Ni a two- 

phase alloy with fcc Al plus an amorphous phase forms; (3) for 20-25 at.% Ni, a single, 
amorphous phase forms; and (4} for 32 at.% Ni another two-phase mixture of the amorphous 
phase plus ordered bcc AINi forms. Several other ion-beam treatments have also been used 
to produce metastable Al(Ni) alloys: ion-beam mixing of alternating Al/Ni layers,°®’’ 
heavy-ion irradiation of the (pre-existing) compounds Al;Ni, Al,Ni, and AINi,°’®?? and Al 
implantation of Ni.*° These techniques produce essentially the same phases for the same 
overall composition as those discussed above for Ni-implanted Al. Taken with the obser- 
vation of two-phase microstructures on either side of the pure amorphous phase, these 
results suggest that some measure of metastable thermodynamic equilibrium has been 
attained between fcc Al, the amorphous phase, and AINi during the ion irradiations that 
produced many displacements for each alloy atom.* All the ion-beam treatments were done 
at room temperature where vacancies are mobile in Al, which may have contributed to the 
equilibration. 

Metastable Al-Ni alloys have also been produced by pulsed surface melting,°*’+! and the 
resulting phases as a function of concentration show only minor differences from those 
produced by the ion-beam methods. A metastable phase diagram that accounts for the final 
phases observed after pulsed melting has been given earlier’ (Fig. 1b). The equilibrium 
phases Al3Ni and Al3Niz were removed, and the liquidi of the fcc Al and AI1Ni phases in 
Fig. l(a) were extrapolated to lower temperatures to meet at a eutectic. The amorphous 
phase is identified with a quenched liquid near a eutectic concentration, and the 
curvature of the AINi liquidus was therefore adjusted to intersect the fcc Al liquidus at 
20 at.% Ni for which a single phase amorphous alloy was observed. Since the phases 
resulting after the ion irradiation treatments are the same as those produced by melt 
quenching, this diagram is also appropriate for the ion-beam alloys. The phases observed 
are those just above the eutectic temperature, with the qualification that the liquid 
phase becomes the amorphous phase, as indicated in the bar diagram at the bottom of 
Fig. l(b). The part of the metastable phase diagram below the eutectic does not apply to 
either pulse surface melted or the ion beam-produced alloys since the eutectic reaction: 
liquid + fee Al + AINi does not occur. 

For a better description of the ion-implanted alloys with such a diagram, the composi- 
tion ranges of the metastable crystalline phases need to be determined. Ion channeling 
analysis’* has been used to obtain a substitutional concentration of 0.2 at.% Ni in the 
fec Al lattice which, although small, exceeds the maximum equilibrium solid solubility by 
a factor of 10. In this paper we examine the lower limit on the Ni concentration needed 
to form AINi in Ni-implanted Al by using energy-dispersive spectroscopy (EDS) with Al and 
Ni characteristic x rays in an analytical electron microscope (AEM). 


Analysts of Al-32 at.% Nt 


An alloy implanted with 32 at.% Ni was previously found to contain A1Ni precipitates 
plus the amorphous phase,*® and was used here for AEM analysis of the AINi phase. The 
polished <110> Al single-crystal sample was implanted with nominal fluences of 
1.0 x 10+” Ni/em? at 160 keV, 0.5 x 107’ Ni/cm* at 80 keV, and 0.5 x 10°’ Ni/cm* at 40 
keV, in that order. Rutherford-backscattering analysis showed that the Ni concentration 
peaked at 32 at.% within 15 nm of the surface, was v30 at.% to a depth of 75 nm, decreased 
to 20 at.% at ¥100 nm, and fell to zero at 1300 nm.!! The measured Ni areal density was 
2.8 x 1017 Ni/cm.? ; 

The microscopy was done with a JEOL 100 CX transmission electron microscope at 120 kV. 
The sample was electro-jet polished from the unimplanted side with a solution of 450 ml 
methanol, 50 ml 70% nitric acid and 30 ml H,0 at -70 C with a single-sided jet thinner.?? 
A bright field image showing the AINi particles (50-300 nm in diameter) is shown in Fig. 2. 
The cross section schematic above the micrograph shows the depth-dependent microstructure 
deduced from our analysis. The particles are seen to be suspended on an aluminum oxide 
film which extends across the "hole" in the sample made by the electro-jet polishing. 

The electron diffraction. pattern from a large area on the oxide film (area a in Fig. 2) 
shows a set of diffuse rings from the oxide and a sharp ring pattern which indexes to 
AINi. In the thicker material (area b), the particles are also seen with the same areal 
number density.as on the oxide film, 2 x 10°/cm*. The electron diffraction pattern from 
this more restricted area shows a diffuse ring from the amorphous metal phase with 
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FIG. 2--Microstructure of A1(Ni) alloy 
used in this study as determined by TEM. 
Cross-section schematic shows depth- 
dependent microstructure as determined by 
examination of successively thicker 
regions (a-c) in bright-field micro- 
graph below it. Diffraction patterns 
(a); (b), (c) are from correspondingly 
labeled areas on micrograph. 
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FIG. 3.--Cumulative EDS spectra from A1Ni 
particles and from nearby areas of oxide 
layer on which particles were suspended. 


several superimposed randomly oriented 
reflections from AINi. A few weak (100) 
AINi reflections (shown by arrows) are 
seen, indicating that some ordering of 

the Al and Ni atoms into their respective 
sublattices is present in this phase after 
the implantation. In the thickest areas 
(area @), crystalline fce Al can be 
observed as indicated by the bright spot 
reflections in the third diffraction 
pattern. Based on the observation of two- 
phase (amorphous + fcc) microstructures in 


other alloys with <20 at.% Ni, we infer that this two-phase structure is present beneath 
the amorphous layer. The constant particle density and the suspension on the oxide film 
imply that the AINi particles formed at the metal/oxide interface, which may have 


promoted their nucleation. 


Because the AINi particles are isolated on the oxide layer, we can measure their 
concentration ratio by EDS without having to account for effects due to the amorphous 
A1(Ni) phase. The EDS was done with a high take-off angle detector (72°). The micro- 
scope's anticontamination shield which surrounds the sample was cooled with liquid 
nitrogen, and the Be sample holder was cooled to -189 C. With the low sample temperature, 
carbon deposits were not observed on analyzed areas. The x rays were collected in the 
conventional TEM mode at 120 kV by use of the free lens control on the first condenser to 
obtain a spot size slightly smaller than the particle size. Monte Carlo modeling of 
electron trajectories showed that beam broadening (< 10 nm) for our sample thickness (see 
below) was not significant. The spectra were collected in pairs with 100s count times 
each. The beam was first placed on a particle to obtain a spectrum, and then a second 
spectrum was collected from the oxide film about 2-3 particle diameters away. Fifty such 
pairs of spectra were accumulated and summed to obtain two total spectra from the 
particles and from the oxide layer, which are shown in Fig. 3. 

It is clear from the size of the Al peak in the oxide spectrum that one must correct 
for the influence of the oxide. Aluminum oxide is initially present on the Al surface 


before implantation. Because of the chemical affinity of Al for 0, and oxide layer is 
probably present on the sample during the Ni implantation in our vacuum system (10 ° 
Torr). Because the Ni is injected through the oxide layer during implantation, we believe 
that the particles are just beneath the oxide layer, as indicated schematically in Fig. 2. 
The metal-oxide interface may provide the nucleation site for the AINi phase. Nuclear 
reaction analysis with a deuterium ion beam of Ni-implanted Al gave an 0 areal density 
equivalent to 5 nm thickness of Al,03. From the ratio of Al counts in the two spectra 
in Fig. 3 and their electron transparency, we judge the particles to be also “5 nm thick. 
The Monte Carlo modeling indicates that for this geometry and thicknesses, a simple sub- 
traction of the counts in the oxide spectrum would yield the net signal from the 
particles. Calculation showed that for these thicknesses, corrections for x-ray absorp- 
tion are not necessary. It is also possible that an oxide film has been deposited on the 
sample by electropolishing from the back side. Given the similar expected thickness of 
this film, the subtraction would also correct for it. Examination of individual spectra 
and of portions of the total accumulated spectra showed the same relative Al and Ni inten- 
sities, which indicates that any Ni redeposition was uniform; the low Ni counts from the 
2 oxide show that Ni was not incorporated into the oxide and that any Ni redeposition from 
: the polishing solution was minimal. 

The composition of the AINi particles was determined by the standardless ratio tech- 

nique, where the compositions are related to the measured x-ray intensities by 

a 
| Qa A1Ni Ii 


Cay and Cy; are the concentrations in weight percent and I,, and Iy; are the background- 
corrected x-ray intensities for Al and Ni, respectively, and kajni is the sensitivity 


factor. The standardless ratio relationship is valid only if the thin film criterion, 
which requires that x-ray absorption not be significant, is not violated.** Calculations 
showed that absorption effects were not significant for our analyzed thicknesses. The 
value of kajnj can be calculated from first principles or can be determined from homo- 
geneous standards of known composition.** For this work it was measured from standards 
because the energy of the Al Ka line is low enough (1.48 keV) that it may be absorbed in 
the EDS x-ray detector (i.e., by the Be window, Au contact layer, Si dead layer, or film 
of carbonaceous contaminant). Hence, unless the detector efficiency is well known and these 
absorption effects can be quantified, an accurate value of kajyj cannot be calculated. Two 
other Ni-implanted alloys containing 17 + 1 and 20 + 1 at.% Ni, as determined by Ruther- 
ford backscattering,° were used as standards to determine Kaini- The standards were 

less than 50 nm thick so that absorption effects did not affect the intensity ratio at the 
5% level of significance. The experimentally determined value was kaini = 0.85 + 0.05, 
where the error was determined by the uncertainty in Ni concentrations of the standards, 
and was consistent with first principles calculations. Assuming a 7.5yum Be window, a 

20nm Au contact layer, a 0.3m Si dead layer, and no carbonaceous contaminant, the 
calculated value of kajni = 0.84 was obtained; for a typical thickness of 0.3 um C the 
value was 0.85.+* The calculated values are accurate to + 0.04; hence the overall 
uncertainty in ka,yjj obtained by combining experimental and calculated results is probably 
less than this value. Thus knowing kajnj for our instrument, one can determine the compo- 
sition of the unknown AINi. The FWHM (full width at half maximum) Al Ka and Ni Ka back- 
ground-corrected peak intensities are given in Fig. 3. After subtracting the contribution 
from the oxide layer, the resulting intensities from the 50 analyzed particles were 

Inq = 3581 + 126 and Iq = 3418 4 182, where the error is 2vN for N total counts in the 
two spectra. The calculated intensity ratio I,;/Iy; then is 0.954 + 0.061. Combining 

the errors in I,j/Iyj and kajnj through Gaussian quadrature, and allowing for 10% relative 
uncertainty in the subtraction procedure, one obtains for the composition of the A1Ni 
particles produced by ion implantation Cyj = 36.5 + 2.5 at.%. 
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The AINi particles are in contact with the amorphous phase containing a lower concen- 
tration of Ni, and thus we interpret the above concentration to be the minimum Ni concen- 
tration needed to form AINi in an ion irradiation environment. From Fig. l{a}), we see 
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that the value is significantly less than the minimum equilibrium Ni concentration (45 
at.% Ni) in AINi at room temperature where the implantation was done. It is also less than 
the absolute minimum found in the equilibrium diagram, 42 at.% Ni, which occurs at 1133 C. 
This minimum occurs at the peritectic reaction below which liquid + A1Ni transform to 
Al;Ni,. In the absence of Al,;Ni, and Al;Ni, we expect the AINi phase field to be extended 
to lower Ni concentrations as shown in the metastable diagram of Fig. 1{b). We can 
further interpret the 36.5 + 2.5 at.% Ni concentration as the AINi concentration in equil- 
ibrium with the amorphous phase (quenched liquid) at approximately the eutectic tempera- 
ture; however, this interpretation assumes complete equilibration between the A1Ni and 
amorphous phases, which may not have been fully achieved. The value is in reasonable 
agreement with tangential extrapolation of the AINi solidus from high temperatures, as 
shown in Fig. l(b). 

Our result is consistent with results obtained by ion irradiation of Al3Ni2, which 
transformed to AINi.® The equilibrium A1Ni lattice below 50 at.% Ni contains vacancies 
in the Ni sublattice of the B2 (CsCi) structure.’° The Al,Ni,. structure is obtained from 
that of AINi by the further ordering of vacancies on certain planes; hence the transfor- 
mation to the more disordered AINi phase is not unexpected. Qur minimum Ni concentra- 
tion for AINi extends to the Al-rich side of Al,Ni,, and is consistent with this 
transformation. 

Our observation of (100) AINi reflections, the observations by others of retained 
order in irradiated AINi,'® and the known structure of Al-rich AINi+® indicate a high 
concentration of vacancies in the AINi phase examined here. Assuming no Al atoms on the 
Ni sublattice, we calculate 21 at.% vacancies in the A1Ni lattice, or 42% empty Ni sub- 
lattice sites for 36.5 at.% Ni. 

Finally, the extent to which Fig. 1(b) applies to ion-beam-modified alloys remains to 
be fully determined. The metastable diagram was derived from liquid-quenched alloys, 
and ion-implanted alloys show some deviations from its predictions. For instance, 
implantation to 25 at.% produces a single amorphous phase, whereas liquid quenching gives 
AINi precipitates in an amorphous matrix; the latter result is consistent with Fig. 1(b) 
and the former is not. Other studies also show that compound nucleation does not occur 
in ion-implanted alloys at the same concentration for which it occurs in melt-quenched 
alloys.'’ Hence we place the minimum Ni concentration for A1Ni produced by ion implan- 
tation on the mestastable diagram obtained from melt-quenching studies with caution. 
Nonetheless, the metastable phase diagram for Al-Ni in Fig. 1(b) with the extended A1Ni 
phase accounts for the phases observed in a wide range of ion beam alloys. The extent to 
which such metastable phase diagrams can account for the phases observed in other ion- 
implanted alloy systems remains to be established. 


Summary 


The work presented above demonstrates that AEM can be used to obtain the compositions 
of small precipitates in ion implanted metals. The EDS measurement establishes a lower 
limit of 36.5 + 2.5 at.% for the Ni concentration needed to form AINi in Ni-implanted Al, 
and probably in Al-Ni alloys formed by other ion beam methods also. This value is taken 
to be the minimum Ni concentration of the AINi phase near the eutectic temperature in 
Fig. 1(b), with the caveat that the full equilibration of A1INi with the amorphous phase 
implied by use of Fig. 1(b) may not have been achieved. 
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WELD METAL HOT-CRACKING OF HASTELLOY ALLOYS C-22 and C-276: 
A STUDY BY ANALYTICAL ELECTRON MICROSCOPY 


M. J. Cieslak, A. D. Romig Jr., and T. J. Headley 


Weld metal hot-cracking in multicomponent alloy systems is often the result of the forma- 
tion of small volume fractions of nonequilibrium constituents along solidification grain 
boundaries. These constituents arise as a result of the segregation phenomenon accom- 
panying weld solidification and often serve to extend the solidification temperature range 
well below the equilibrium solidus. The purpose of this study was to identify and 
characterize as to crystal structure and composition, by analytical electron microscopy 
(AEM), the phases associated with weld metal hot-cracking in Hastelloy alloys C-22 and 
C-276. 


Background 


Hastelloy C-22 and C-276 are nickel-base alloys designed for use in severely corrosive 
environments such as those encountered in the marine, petrochemical, pulp and paper, and 
chemical process industries. In the mill annealed condition, these alloys are single 
phase. Their crystal structure is face-centered cubic. They are solid-solution strength- 
ened alloys not hardenable by aging treatments. The thermal expansion coefficient of 
these alloys is such that they are compatible materials for certain glass-sealed hermetic 
electrical connectors. In many applications, welding of such connectors to other 
components is required. As part of a larger investigation of the weldability* of solid- 
solution strengthened nickel-base alloys, this study describes the solidification and 
subsequent solid-state transformation behavior of Hastelloy C-22 and C-276 gas-tungsten- 
are welds. 


Experimental Procedure 


Welding and Metallographte Specimen Preparation. The mill analyses of the alloys 
studied are given in Table 1. The base metal microstructure prior to welding was that 
characteristic of mill annealed material, i.e., single-phase austenitic. The suscepti- 
bility of each alloy to fusion zone hot-cracking during autogenous gas-tungsten-arc 
welding was quantified by the Varestraint Test. 3 ie welding parameters used were 100A, 
direct current, electrode negative, and 13.5 V machine voltage at a travel speed of 
20 cm/min. 

Subsequent to welding, metallographic specimens were removed from regions of the 
fusion zone containing hot-cracks. These specimens were mounted in epoxy and polished 
through 0.05 um alumina. Microstructures were revealed by electroetching in a solution of 
10% chromic acid. The specimens were then carbon coated and examined in a Hitachi S-520 
SEM. 


Analytteal Electron Microscopy. The samples for AEM analysis were sliced from the 
bulk weld metal with a low-speed carbide saw and ground to a thickness of approximately 
125 um. Standard 3mm-diameter disks were cut from the thin sheet with a mechanical punch. 
Electron-transparent foils were produced by. electrojet thinning at 15 V in a 10% 
perchloric acid in methanol solution at approximately -65 C. Following electrochemical 
thinning, the foils were placed in an ion mill to increase the amount of thin area and to 
remove any electrolyte residue. The thin foils were examined in a JEOL 100C AEM operated 
at 100 kV, equipped with a low take-off angle x-ray detector and a Tracor-Northern TN2000 
multichannel analyzer. 

Electron diffraction was used to identify uniquely each intermetallic phase prior to 
x-ray microanalysis. The phases were then analyzed with a focused beam in the STEM mode 
(nominal Gaussian beam diameter of 18 nm). The particles analyzed were all 0.5 to 1.0 um 
in diameter. The nominal thickness of the foil at the points of analysis was 50 to 100 nm. 
Under these experimental conditions, the beam scattering volume was contained entirely 
within the phase with no contribution from the adjacent matrix. 


The authors are at Sandia National Laboratories at Albuquerque, NM 87185. 
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TABLE 1.--Alloy compositions. TABLE 2.--Pertinent characteristic x-ray lines. 


@ Line(s) ueed in analysis. 


When the material being analyzed by energy dispersive x-ray analysis contains a large 
number of elements, the problem of x-ray line overlap must be addressed. The line overlap 
problem is intensified when one of the component elements is of high atomic number and may 
therefore have both characteristic K and L or L and M lines in the energy range of 
interest. Table 2 summarizes the pertinent characteristic x-ray lines for this study. The 
x-ray lines used for the chemical analysis have been indicated. Care must be taken when 
selecting regions of integration to minimize problems of line overlap. Two nonstandard 
procedures were used to obtain suitable integrated intensities to quantify the Co and W. 
The Fe Kf line interferes with the Co Ka line. The Fe Kg line was stripped from the Co Ka 
with an empirical procedure described elsewhere.* The stripping procedure requires 
measuring the Fe Ka to KB ratio at 100 kV from a pure Fe standard. With the obtained 
normalization constant the Fe K® contribution to the (Co Ka + Fe K®) in the unknown can be 
estimated from the measured Fe Ka intensity, allowing for a calculation of the true Co Ka 
intensity. For high-atomic-number materials, the M lines are generally not suitable due 
to x-ray absorption effects.° Unfortunately, the W La line could not be used due to 
interference from the Co K8 and Ni KB. However, the grouping of W L8,\5\3,, lines 
occurred in a clean portion of the spectrum. The family of LB lines was therefore used 
for the quantitative analysis. 

The compositions were determined with the standardless ratio technique, where the 
compositions are related to the measured x-ray intensities by C,/Cy; = kyni(1x/Ini), 
where x = Fe, Cr, Co, Mo, or W; C is composition in weight percent; I is the integrated 
x-ray intensity; and kyni is the Cliff-Lorimer sensitivity factor. The standardless ratio 
equation is valid only if the thin film criterion, which requires that x-ray absorption 
and fluorescence in the sample are negligible, is not violated.® The values of the sensi- 
tivity factors k,y; were determined from a well-homogenized sample of alloy C-276 with a 
well-known composition. The k factor determinations utilized the Co Ko stripping proce- 
dure. The kyy; was determined for the family of W LB lines. It was not possible to 
integrate over the same relative portion of each x-ray line (e.g., Full Width at Half 
Maximum, FWHM) due to line overlap. However, no error is introduced into the analysis if 
the same integration windows are used for the experimental determination of k,,; and for 
the analysis of the unknown. The effect of variable integration windows can be seen by a 
comparison of the experimental values of k,y; to values of k,yj calculated from first 
principles, as illustrated by W L® and Co Ka in Table 3.’ It is believed that the differ- 
ences in the experimentally determined and calculated sensitivity factors for W L8 and 
Co Ka arise from the inability to select the same relative portions of these peaks 
affected by overlap and ambiguous background. The compositions of the unknowns were 
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determined with the experimental values of kyyj in the standard Sandia data reduction 
routine.’ X-ray absorption in these samples was not significant. At the 5% level of 
significance, the thin film criterion is violated only at a thickness exceeding 250 nm. © 


TABLE 3.--Sensitivity factors k,yz (at 100 kV). 


Experimenta 


Elemental Ratio 
Calculated’ 


Cr/Ni 0.83 + 0.02 
Mo/Ni 3.41£0.2 3.41 
Fe/Ni 0.95 .03 0.92 
WiLg )/Ni 9.09 + 0.6 2.80 
1.62.08 0.99 


GofNi 


Results and Dtscusston 


Weld samples examined in the SEM were observed to contain what appeared to be a 
single-phase constituent associated with hot cracks. Examples are shown in Figs. 1] and 2. 
In addition to the relatively large volume of constituent located along the crack path, 
smaller pockets can also be observed at scattered interdendritic regions in these micro- 
graphs. Weld metal hot-cracking in both alloys was always found to be associated with a 
solidification grain boundary constituent. Solidification grain boundaries are regions 
of increased weld metal segregation and as such are the most likely places for the forma- 
tion of relatively large amounts of a nonequilibrium constituent. 


FIG. 1.--SEM micrograph of hot-cracked FIG. 2.--SEM micrograph of hot-cracked 
region in Hastelloy C-276 weld metal. region in Hastelloy C-22 weld metal. 
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The welds were analyzed in the AEM to establish the structure and composition of the 
weld metal phases. The apparent single phase constituent associated with hot cracks was 
found to be a combination of two or more phases. In addition to the austenite matrix, 
both alloys contained topologically close-packed (TCP) phases. Alloy C-276 contained the 
P phase (orthorhombic: a = 0.907 nn, b = 1.698 nm, c = 0.475 nm) and the uy phase (hexa- 
gonal: a = 0.476 nm, c = 2.591 nm) in an austenitic matrix (FCC: a = 0.352 nm). Alloy ~ 
C-22 contained the P phase, the y phase, and the o phase (tetragonal: a = b = 0.908 nm, 

c = 0.475 nm) in an austenitic matrix. Figures 3 and 4 show thin-foil micrographs, 
selected-area electron diffraction patterns, and STEM/EDS spectra from the various TCP 
phases found in this study. 

It was observed during the AEM analysis that approximately equal amounts of up phase 
and P phase existed in the weld metal of Alloy C-276. In Alloy C-22 weld metal approxi- 
mately 80% of the TCP phase constituent is P phase and 20% is o phase. Only trace 
amounts of py phase were observed in the C-22 weld metal. 

Table 4 lists the average concentration of each element in each phase. The values 
within the parentheses are the sample standard deviations. For comparison purposes, 
literature values are also included in this table, along with the method of data genera- 
tion. As can be seen, a substantial amount of variation exists among the different data, 
but the trends in the present data, discussed below, were found to correlate with estab- 
lished phase diagrams.1*"+* Some of the differences among the published data can be 
explained solely from a metallurgical viewpoint. The microstructures in the present study 
were produced during the solidification and cooling of weld metal, an inherently noniso- 
thermal, nonequilibrium process. At least some of the TCP phases observed were formed 
directly from the liquid and not by solid-state diffusion processes. In addition to 
metallurgical differences, the current method of data acquisition was different from the 
other two studies. The microprobe data were obtained from extractions containing an 
unknown amount of M,C carbide and will not be considered further. The Mo Ka and the 
WL8, , 3.4 x-ray lines were used in the present analysis instead of the Mo L and WM 
lines’ uSed in the earlier investigation.? 

The similarity in composition of the various TCP phases required that the individual 
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FIG. 3.--TEM micrograph, SAD pattern, and EDS spectrum from TCP phases found in Hastelloy 
C-276 weld metal. 
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chemistry data points be examined closely to determine trends between the compositions of 
the various phases. Histograms for the Cr, Mo, and W contents from a number of particles 
of the TCP phases and the remaining austenitic (y) matrix are shown in Fig. 5. Several 
trends can be observed. Within Alloy C-276, the Cr content decreases in the following 
order: y phase, P phase, uy phase. The Mo content of yw phase is greater than that of P 
phase. The W content of P phase and uy phase are approximately equal and both are higher 
than that of y. Within Alloy C-22, the Cr content decreases in the following order: o 
phase, P phase = y, u phase. The Mo content decreases in the following order: u phase, 

P phase, o phase. The W content decreases in the following order: u phase, P phase, o 
phase, y. The Mo content of the remaining y matrix was always less (Table 4) than for any of 
the TCP phases. In all cases the Fe content of the matrix was higher than that of the TCP 
phases. Co was not found to partition preferentially to any of the TCP phases. Small 
amounts of phosphorus were also found associated with the TCP phases. No attempt was made 
to quantify this element. The small weight fraction (Table 1) present in the bulk alloys 
made experimental determination of an appropriate sensitivity factor impossible. 

Ternary Ni-Cr-Mo phase diagrams can be found in the literature for a limited number of 
temperatures./? "7" Figure 6 shows the Ni-Cr-Mo ternary diagrams recently determined by 
Raghavan et al.+* by AEM techniques. All of the phases observed in both weld metals are 
possible equilibrium phases in the Ni-Cr-Mo system. 

The following observations can be made concerning these diagrams. The yp phase is not 
stable at near-solidus (1250 C) temperatures. At 1250 C, P phase is stabilized relative 
to o phase by increasing the Mo content and decreasing the Cr content. The Ni contents of 
P and o phase are approximately the same. The same chemistry relationship between P and o 
phase exists at 850 C, except that in addition to P and o phase, the » phase exists, which 
is stabilized by higher Mo and lower Cr content than either of the other two phases. 

It can also be shown that within the composition region of interest the following 
transformations must occur as the temperature falls from 1250 C to 850 C: P+ u and 
o > P. As an example, an alloy of composition 50Ni-35Mo-15Cr (Pt. 1, Fig. 6) clearly 
resides within the y + P field at 1250 C. The same alloy is within the y + nu field at 
850 C, necessitating a P + p transformation. Similarly, an alloy of composition SONi- 
20Mo-30Cr (Pt. 2, Fig. 6}, which lies clearly within the y + o at 1250 C, exists within the 
y + P field at 850 C, requiring the transformation o > P. It can also be seen that the 
single phase y field exists at 850 C in the same composition space that the P phase 
occupies at 1250 C. In addition, the lower Cr regions of single phase o stability at 
1250 C become regions of P stability at 850 C. 

Bloom and Grant** have determined the liquidus surface for the Ni-Cr-Mo system 
(Fig. 7). Although liquid/solid phase relationships were not determined explicitly, the 
authors suggested regions of specific solidification transformations. In the vicinity of 
40-60% Ni, 20-40% Mo, and 10-30% Cr, the possible solidification phases are y, P, and o. 
In all cases, y is the primary solidification phase with the TCP phases forming at the 
terminal stages of solidification. Specifically, the following solidification sequences 
can be inferred from their investigation: L > L + y-> y for Ni-rich alloys, L>L+y+L+y 
+o + y + o for higher Cr, lower Mo compositions, and L>+L+y>L+y+pP-> y+ P for 


higher Mo, lower Cr compositions. A crossover between P and o solidification was suggested 
at approximately 20% Cr. 


Proposed Solidification and Transformation Sequence 


Before proposing a solidification sequence for Alloys C-276 and C-22, we must place 
them in the proper positions on the available Ni-Cr-Mo ternary diagrams. From a strictly 
theoretical standpoint, this is not possible as the alloys are not pure ternary systems. 
It is proposed that the remaining solute elements, in particular Fe and W, be treated as 
equivalents of certain of the major alloying elements. This proposal is similar to the Cr 
and Ni equivalent approach for austenitic stainless steel weld metal.?° The grouping of 
the various elements will be shown to be both reasonable from a physical metallurgy stand- 
point and consistent with the data generated in this study and other work. 

The weight fraction of W is combined with the weight fraction of Mo to form a Mo 
equivalent, Mogg. Both Mo and W are BCC elements whose refractory nature suggests a 
similarity in bonding characteristics. The data in Table 4 indicate that W partitions to 
the TCP phases, the opposite behavior of Ni, which suggests that an equivalence in 
behavior between W and Ni does not exist. The table also shows that for Alloy C-22, in 
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FIG. 5.--Histograms of alloy content as determined by AEM for (a) Cr, (b) Mo, and (c) W in various phases found in weld 


metal examined. 
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FIG. 6.--Isothermal sections of Ni-Cr-Mo ternary system, after Raghavan et ase 
(b) 1123 K section at 850 C. 
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FIG. 7.--Liquidus isotherms for the 
region of interest in the Ni-Cr-Mo 
ternary system, after Bloom and Grant.?? 
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which the P, up, and o phases exist, the W 
content of the o phase is less than either of 
the other two TCP phases. o phase is stabi- 
lized by increasing Cr content, whereas the P 
and phases are stabilized by increasing Mo 
content, which suggests a similarity in 
chemical behavior between Mo and W. 

The Fe weight fraction is combined with 
the Ni weight fraction to form a Ni equiva- 
lent, Nieg Within most of the high- 
temperature region under consideration, ele- 
mental Fe has the FCC structure, the same as 
Ni. In reviewing Table 4 again, we see that 
the Fe content of the residual austenite 
matrix is greater than that for all TCP 
phases examined in this study. This is the 
same partitioning effect shown by Ni and 
suggestS a Similarity in chemical behavior. 
It can also be shown within experimental 
error that the partitioning ratio for Fe, 
%Feqcp/%Fe,, is the same as the partitioning 
ratio for Ni, *Nipcp/*Niy » when the composi- 
tions of all TCP phases dre averaged together 
within a single alloy. The value of both 
partitioning ratios is approximately 0.6. 


At the present time, it is assumed that all other alloying elements combine with Ni 


and Fe to form part of the Ni equivalent. 


In the present study, Co was found in approxi- 


mately equivalent quantities in all phases,which suggests that it is relatively inert. 


Earlier AEM analysis'* 
preferentially in the matrix. 


indicated that Co does not partition to the TCP phases, but remains 
This result supports the grouping of Co in the Ni equiva- 


lent. The Co content of the C-276 in the earlier study was approximately twice that in 
the present work and therefore any partitioning effect would have been easier to detect. 
The Cr equivalent, Creg, is simply the alloy Cr content. 

With these assumptions, an equivalent composition can be calculated from the mill 
analyses for both C-22 and C-276, and these compositions can then be positioned on the 


phase diagrams. 


The equivalent composition for the two alloys are given as follows: 
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C-276 


Nieg = 64.68 Creq = 15.83 Moeg = 19.49 
C-22 
Nieg = 62.06 Creq = 21.22 Mogg = 16.72 


These compositions have been plotted on the phase diagrams of Fig. 6 and represent a 
starting point for understanding the transformation behavior in these alloys. 

The nonequilibrium behavior of weld solidification results in both segregation of 
alioying components and the formation of phases not expected in an equilibrium environ- 
ment. Even under global nonequilibrium conditions, the phase diagram controls the solidi- 
fication ‘path. From a starting composition and liquidus temperature, an alloy solidifies 
by sliding down the liquidus/solidus gradient until either the liquid phase is completely 
transformed or until an invariant reaction is reached at which point the remaining liquid 
will solidify essentially isothermally. 

: An examination of the liquidus surface (Fig. 7) reveals that in the composition region 
3 of interest, the liquidus isotherms are essentially normal to the Cr isopleths and decrease 
in temperature with decreasing Ni content. This result implies that solidification would 
occur at a constant Cr concentration and that Mo would segregate at the expense of Ni to 
final solidification volumes, promoting the solidification of the TCP phases. 

Due to the lack of the appropriate solidus surface, the expected solidification path 
(arrows) for C-276 and C-22 are plotted on the 1250 C phase diagram (Fig. 6a). This is 
the closest available isothermal section to the solidus. The paths indicate that o phase 
would be the expected TCP phase to solidify at the terminal stages of solidification in 
Alloy C-22. P phase would be expected to form at the terminal stages of solidification in 
Alloy C-276. This finding correlates well with the solidification reactions suggested by 
Bloom and Grant.** 

Subsequent transformation on cooling of the solidification TCP phases can be expected 
to occur by the mechanisms described earlier. That is, P phase can be expected to trans- 
form to » phase and o phase can be expected to transform to P phase. This result corre- 
lates well with the observed phases in each weld metal. The C-276 welds contain only P 
phase and u phase. The C-22 welds contain predominantly o phase and P phase. The trace 
amounts of » phase in the C-22 weld metal are probably indications of the beginning of the 
transformation of the P phase to u phase. The cooling rates in weld metal are rapid 
enough that complete transformation probably does not occur. 

The overall transformation sequence which leads to the observed room temperature 
microstructures are proposed to occur as follows: 
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Summary 


The proposed phase transformation sequences in Hastelloy C-22 and C-276 have been 
developed from existing phase diagram data, the application of basic solidification 
theory, and from extensive AEM phase analyses. 

The TCP phases which form during weld metal solidification are P phase in Alloy C-276 
and o phase in Alloy C-22. Hot-cracking occurs during the solidification of these phases. 
The apparent single-phase constituents observed along hot cracks in the SEM micrographs 
are the room temperature remnants of both the solidification TCP phases (P in C-276, o in 
C-22) and their subsequent transformation phases ({y in C-276, P and u in C-22). 
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Conelustons 


1. Only by AEM techniques can the solidification and transformation sequences in 
these welds be determined. 

2. With the proper experimental approach, L& lines, in this case W L8, can be used 
for a quantitative AEM analysis. 

3. The proposed transformation sequence for Hastelloy C-276 weld metal is 
L>LtyrLty +P+yr+ Pr yt Pty. 

4. The proposed transformation sequence for Hastelloy C-22 weld metal is 
L>L+teyrLtytoryrorvryrootrtP+yrorP ty. 

5. The TCP phases associated with weld metal hot-cracking in Hastelloy C-276 and 
C-22 are P phase and o phase, respectively. 

6. Ni, Cr, and Mo equivalents can be used to predict the phase transformation 
sequence in Hastelloy C-276 and C-22. 

7. The apparent (in SEM) single-phase constituents observed along weld metal hot 
cracks are actually a complex combination of TCP phases. These constituents are com- 
prised of both remnants of solidification TCP phases (P in C-276, o in C-22) and their 
subsequent solid-state transformation products. 
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SURFACE CRYSTALLIZATION ON METALLIZED 94% ALUMINA CERAMICS 
J. R. Hellmann, W. R. Sorsenson, M. J. Carr, and T. J. Headley 


Fabrication of 94% alumina (Wesgo AL500:94% q-Al,0,, balance Si0,-MgO0-CaO glass) ceramic-to- 
metal seals involves metallization md nickel plating of the ceramic surface before brazing 
to the metal. To obtain a satisfactory joint, the metallized layer must be nickel plated 
for it to be wetted by the braze alloy.! The strength and hermeticity of these seals are 
occasionally compromised by formation of an acicular reaction product on the metallized sur- 
face of the ceramic prior to plating. This reaction phase is electrically nonconductive and 
inhibits uniform nickel plating. In this study we integrated a variety of electro-optical 
techniques to identify the structure and composition of this deleterious acicular phase and 
deduce how it forms. Ameans to retard its formation is suggested. 


Experimental 


A metallized slurry consisting of molybdenum, manganese, titanium subhydride, and an or- 
ganic carrier of the proportions shown in Table 1 was screen printed onto a 94% alumina sub- 
strate, dried at 110 C for 2 h in air, then sintered at 1495 C for 45 min in wet hydrogen 
(dew point 30 C). Metallized surfaces were examined for the occurrence of the acicular 
phase using a JEOL 35C scanning electron microscope (SEM). Initial elemental analysis was 
performed using the x-ray mapping capabilities of the SEM on the as-metallized surfaces and 
on metallographic cross sections to reveal the depth of penetration of the acicular phase. 

A CAMECA MBX electron microprobe was employed to quantify the elemental species present in 
the reaction product. A number of acicular particles were scraped from the metallized sur- 
face and dispersed onto a holey carbon film for transmission electron microscopy. A JEOL 
100 C scanning transmission electron microscope (STEM), equipped with an x-ray detector for 
energy dispersive spectroscopy (EDS), was employed for phase identification and elemental 
analysis. Controlled tilting experiments were performed using a JEOL 200CX transmission 
electron microscope (TEM) in conjunction with newly developed computerized search rou- 
tines~’~ to permit real time crystaliographic analysis and identification using existing 
JCPDS (Joint Committee on Powder Diffraction Standards} data files. 


Results and Diseusston 


Initial SEM characterization revealed acicular features on the metallization layer which 
appear crystalline in nature (Fig. 1). Microprobe analysis indicated that the unknown phase 
contained primarily Al, Ti, and O. The background (metallization } consisted primarily of 
Mo, Al, Si, and Mn. The appearance of texture beneath the acicular features indicated the 
phase was relatively transparent to electrons and may actually entrain some of the metal- 
lized particles. This was interpreted as evidence that the unknown phase may have formed by 
crystallization from a semicontinuous glass phase surrounding the metallic particles during 
the metallization firing. 

Bright-field transmission electron microscopy of the extracted fragments revealed two 
phases: a Mo-rich metallize constituent and the unknown phase (labeled X in Fig. 2}. EDS 
analysis corroborated the microprobe results showing primarily Al and Ti in the unknown 
phase. Furthermore, the appearance of extinction contours in the unknown phase conformed 
its crystalline nature. 

Electron diffraction patterns were obtained from several particles of the unknown phase 
to gather crystallographic information. The automated search scheme*® was employed to iden- 


The authors are with Sandia National Laboratories, Albuquerque, NM 87185. They acknow- 
ledge the aid of P. F. Hlava for microprobe analyses and D. H. Huskisson for SEM analyses. 
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FIG. 1,--SEM micrograph showing 
acicular reaction product on 
metallized surface. 


2.--TEM brightfield image showing typical parti- 
extracted from metallized surface. 


FIG. 3.--Symmetrical diffraction pattenrs obtained by controlled tilting about (200). 


TABLE 1.--Composition of metallization 
slurry. 


Component Weight % 
Mo 69 

Mn 16 
TiHo. 13-14 
si 0.8-1.0 
Ca <0.05 

Al <0.5 


Organic carrier is a mixture of ester 
alcohol and ethyl cellulose. 


TABLE 2.--JCPDS search/match results. 


Best Matches 


Al,Ti0g, Ti,0 


375 


Considered, But Rejected 


Tig017> Al,035 Fits Ti,09, TiAl, TiAl 


Obviously Wrong 


16 other including Li,Ti0,, Al, 4B50q 
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tify a number of potential matches (Table 2) from the JCPDS file based on the chemical and 
structural information obtained from the EDS and diffraction analyses, respectively. Most 
of the tentative matches were eliminated on the basis that they contained certain light el- 
ements (Z < 10) which, although not detectable by EDS, were known to be absent from batch 
analyses of the starting materials or considered unlikely from a knowledge of the process 
history. Calculations based on single crystal data were made for the remaining candidates 
and compared with the experimental data to discriminate among those candidates. Two very 
good matches to our data emerged: Al,Ti0, (JCPDS#26-40) and Ti,0; (JCPDS#9-309). Both pos- 
sess the pseudobrookite (Fe,Ti0O,) structure and have such similar lattice parameters that 
electron diffraction patterns would be virtually indistinguishable for the same orientation. 
A controlled tilting experiment was performed in which several symmetrical zone axis pat- 
terns and the included angles were obtained (Fig. 3). Comparison of the experimentally 
measured angles with calculated values for both candidate compounds showed very good agree- 
ment with both, with the Ti,O, fitting slightly better (Table 3). 

We have concluded that the unknown phase is a solid solution of Ti,0, and Al,TiO,. 
Chemical analysis using data obtained from STEM-EDS and corrected for absorption effects 
with the standard Sandia thin film EDS reduction algorithm’ indicated that the R sites in 
this pseudobrookite structure [R,TiO, (R=Al, Fe, Ti, etc.)] are occupied by aluminum and ti- 
tanium on an approximately equal basis; a small amount of magnesium was also detected (Ta- 
ble 4). The presence of titanium on tri-valent R site corroborates the observed sensitivity 
of the formation of this compound to oxygen partial pressure (the occurrence of the acicular 
features on the metallized surfaces is enhanced at hydrogen dew points below 30 C). Phase 
equilibrium inthe Ti-O system is quite complex” and illustrates the multivalent character of 
the titanium cation. The oxidation state of titanium in the oxide can be dramatically al- 
tered by exposure to atmospheres of different oxygen potentials. The structure and composi- 
tion of titanium oxides are strongly related to the oxidation state of the titanium ion and 
can be described as a homologous series of oxides characterized by a molecular formula 
TinO,n-, where n is an integer <38.° The pseudobrookite form identified in this study 
cTE,0.3 n = 3) forms when a substantial fraction of the titanium is present in the tri- 
valent form. The presence of aluminum and a small quantity of magnesium in the compound is 
not surprising since both cations form pseudobrookite structures with titanium which are mu- 
tually soluble in each other.’ 


Summary and Conelustons 


Real-time comparisons of electron diffraction data with existing JCPDS powder diffrac- 
tion files, coupled with chemical analyses obtained from scanning transmission electron mi- 
croscopy, permitted an unambiguous determination of the unknown phase which forms on the me- 
tallized surfaces of alumina ceramic during metallization sintering. The unknown phase has 
been identified as a crystalline substance, R,TiO, (R = AG Ti 3 possessing the pseudo- 
brookite structure. Chemical analysis revealed that the tri-vaient cation sites are nomi- 
nally equally occupied by titanium and aluminum ions. The presence of a minor amount of 
magnesium in the compound suggests the compound may actually be a solid solution with anoth- 
er pseudobrookite form MgTi,0,. The occurrence of the (Al,-,Tix).TiOs; phase is strongly re- 
lated to the hydrogen dew point during metallization sintering, suggesting that the Tit’: 
Ti*? ratio may play a role in the formation and stabilization of this compound. Raising the 
metallization sintering atmosphere to a higher oxygen partial pressure (higher wet hydrogen 
dew point) should reduce the occurrence of this phase and improve the integrity of alumina 
ceramic-to-metal seals fabricated by metallizing and brazing. 
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TABLE 3.--Comparison between measured and calculatel interzonal angles. 


Ot? se L023 eae. POT) ax. [0214 sae O10] 
Measured: 7.8 9.5 9.9 11.3 
Al,Ti0¢: 7.5 8.8 9.9 10.6 
Ti30,: 7.6 9.0 10.2 10.9 


Vv 


TABLE 4.--STEM EDS determination of cation concentrations in unknown crystalline phase X 
(in atomic %). 


[Al] = 27.66 + 2.13* 
[Ti] = 69.37 + 3.10 
[Mg] = 3.12 + 0.99 


*95% confidence interval for n=6 measurements. 
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MATERIALS ANALYSIS OF FIBERGLASS-REINFORCED PLASTICS BY SCANNING ELECTRON MICROSCOPY 
J. A. Davis and T. E. Laskowski 


Fiberglass reinforced plastic (FRP) composites are being utilized in an ever-increasing num- 
ber of applications. Over 40 000 different FRP products may now be found in such diverse 
areas as the transportation, construction, and electronics industries. The popularity of 
these composites (which are a mixture of glass fibers and, typically, one or more inorganic 
fillers in a plastic resin) is a reflection of their cost effectiveness and various favor- 
able physical properties; e.g., strength, low density, etc. Effective utilization of FRP 
composites depends on an understanding of how these systems are constructed and why they 
perform as they do. To this end, a variety of techniques have been applied to the charac- 
terization of FRPs. Various dynamic and static physical testing methods, as well as x-ray 
radiographic and microscopic techniques have been utilized in the past.*~§ 

In this laboratory, specific analytical methodologies have been developed to allow the 
thorough characterization of FRP materials by scanning electron microscope (SEM)/energy dis- 
persive x-ray analysis (EDX) based techniques. A considerable part of this effort has been 
the development and implementation of suitable sample preparation methods which may be used 
to illustrate the features of interest without inducing artifacts. 


Expertmentat 


A thorough characterization of FRP composites by scanning electron microscopy frequently 
involves the examination of intact or fractured surfaces as well as polished cross sections. 
Surface views, which are typically obtained in a secondary-electron mode, provide overail 
topographic information on the composite. The corresponding cross-sectional studies, which 
are generally done with the aid of a backscattered electron detector, reveal the various in- 
ternal features present and provide data on the orientation and distribution of sample con- 
stituents. Depending on the type of information required, one or all of the sample types 
mentioned above may be required to characterize a composite fully. 

The initial preparation of an FRP composite for surface characterization in the SEM can 
be as simple as cutting a region of the sample that is small enough to fit physically into 
the instrument. The actual cutting is best done with a slow-speed saw to minimize sample 
damage. Fracture surfaces may be handled in a similar manner. The resulting materials are 
then secured to a sample mount with standard conductive paints. 

Unlike samples for surface studies, the preparation of FRP cross sections requires a 
lengthy process to insure an end product of the highest quality. Entirely manual methods 
are available, but in our laboratory cross sections are prepared with the aid of a Struers 
Abrapol automatic polishing unit. This device is capable of simultaneously polishing up to 
twelve specimens to provide a mirror-like finish. The first step in the preparation of a 
FRP cross section is to embed the raw samples in a two-component epoxy system. After an ap- 
propriate curing time, these mounts are secured into a sample jig assembly and ground down on 
a cast-iron lapping wheel with successive slurries of silicon carbide grits suspended in water/ 
detergent mixtures. This procedure is terminated after the use of 1000 grit particles. The 
samples are then polished with subsequent 6, 3, and lum diamond pastes suspended in aqueous de- 
tergent. The final polishing step involves the use of 0.05um alumina particles on a nap cloth. 
The end product is a sample that reveals the internal morphologies of the composite and exhib- 
its negligible surface relief. Further details on this procedure are available from the authors. 

Prior to introduction into the SEM, all FRP samples are coated with a 20 to 30nm carbon 
film by the vacuum evaporation of carbon rods. Care must be taken during this process to 
minimize sample damage from thermal effects. A shutter device is typically used to shield 
the composite from the carbon rod assembly during initial heating (outgassing) of the rods. 


The authors are at the Owens-Corning Fiberglass Technical Center, Granville, OH 43023. 
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Once this step has been completed and the shutter moved out of the direct line of site be- 
tween the sample and the carbon source, the rods are vaporized in short (approximately 5s) 
bursts to minimize heating effects. We have found it helpful to have a small section of 
Nuclepore polycarbonate membrane filter mounted next to the sample during the evaporation. 
Past experience has shown that if the coating process can be carried out without inducing 
disruption of the filter (e.g., cracking and warping), then the FRP will also be undis- 
turbed. Failure to take due caution during carbon coating can result in pronounced changes 
in the surface topography of FRP materials. These phenomena may take the form of fiber/ 
resin delaminations, as well as loss of fine detail on the resin itself. The introduction 
of such artifacts can lead to the false interpretation of subsequent SEM images and must be 
carefully avoided. 

Once a fiberglass-reinforced plastic composite has been properly prepared, it is charac- 
terized by a JEOL JSM T-300 SEM. This instrument is equipped with a solid-state backscat- 
tered electron detector and a Tracor-Northern TN-2000 energy-dispersive x-ray analysis sys- 
tem. TN-1310 digital beam control electronics are also present in this unit and may be 
utilized for automated particle analysis. 


Results and Discussion 


An area of key interest in the development of fiberglass-reinforced plastic products is 
the relative degree of adhesion between the composite's organic resin system and the various 
inorganic materials present, particularly the glass fibers. The extent of bonding may be 
evaluated by an SEM examination of appropriate fracture surfaces. Typically, this type of 
work is performed at low accelerating voltages (e.g., 2-15 keV) to minimize electron beam 
penetration. This overall approach may be used to evaluate the role of glass/resin adhesion 
in such properties as composite strength, toughness, etc. In addition, a careful examina- 
tion of the fracture surface of individual glass fibers may be used to determine the type of 
physical forces that the fiber was subjected to as it was broken. Figure 1 contains repre- 
sentative SEM photomicrographs of the fracture surface of two different FRP systems which 
had been designed to have a high and a low degree of fiber/resin adhesion, respectively. 

The strong fiber/resin bond present in the first sample is reflected by the intact interface 
between these materials (feature 1). Composites with lower degrees of adhesion exhibit 
clean separations between the resin and the individual glass fibers (feature 2). 

The various internal features present in fiberglass-reinforced plastics may be charac- 
terized and documented by the examination of the sample in a polished cross-sectional form. 
Optimum contrast is provided through the use of a backscattered electron detector. The re- 
sulting image readily delineates individual glass fibers and, if present, inorganic filler 
particles, from the bulk plastic resin. Nominal accelerating voltages of 20-30 keV are re- 
quired to insure reasonable signal levels. 

Figure 2(a) contains a backscattered electron image of a cross section prepared from a 
fiberglass reinforced plastic material that contains only glass fibers and resin. Individu- 
al glass fibers (features 1 and 2) have shapes ranging from circles to ellipses depending on 
their orientation relative to the sample's polishing plane. A corresponding cross-sectional 
view of a more complex FRP composite is shown in Fig. 2(b). Here, various inorganic fillers 
are present (features 3 and 4) in addition to the glass fibers (5) and resin (6). If neces- 
sary, each of these species may be further characterized by EDX analyses to provide infor- 
mation on the inorganic constituents present. 

Part of the value of cross-sectional studies. lies in the ability to determine such para- 
meters as particle size, loading, and geometry. Such information may be obtained by manual 
measurements from individual photomicrographs, but computer-based methods are available. 

We have found the digital beam control hardware and software which is integrated into our 
Tracor-Northern x-ray analysis system to provide the basis for an automated image analysis 
system that is very effective in characterizing FRPs. Programs are present to measure the 
size and orientation of the particles present, calculate area percentages, and relate these 
physical properties to the chemistry of the various materials present in the composite. 

A conventional backscattered electron image of a cross section prepared from an FRP ma- 
terial which had been tensile loaded to the point of failure is shown in Fig. 3{a). Bundles 
of glass fibers (feature 1) as well as large filler particles (2) are evident in this photo- 
micrograph. A stress-induced crack (3) is also prominent. The digitized equivalent of this 
image, as acquired by the Tracor-Northern digital beam control equipment is displayed in 
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FIG. 1.--SEM photomicrographs of fracture FIG. 2.--Cross-sectional view of (a) simple 


surface prepared from FRP composites with and (b) complex FRP systems. Shape of fibers 
(a) good and (b) poor fiber/resin adhe- (e.g., 1 and 2) is related to their orienta- 
sion. Note fibers well encapsulated in tion in composite. Complex FRP has numerous 
resin (feature 1) vs fibers relatively filler particles (3 and 4) as well as glass 
free of resin (feature 2). fibers (5) and resin (6). 


Fig. 3(b). (A black-and-white representation of the actual color image is shown here.) One 
of the most useful image processing functions available with this system is one that gener- 
ates a gray-level histogram of a backscattered electron image and then calculates area frac- 
tions for the various species present. An example of this capability is given in Fig. 3(c), 
which depicts a histogram derived from Fig. 3(b) as well as the area percentage calculated 
for one of the gray-level bins which corresponds to the resin present. Additional analyses 
of the gray levels shown here may be used to evaluate fully the resin, fiberglass, filler, 
and void content of this image. 


Conelustons 


Specific analytical methodologies have been described here for the proper preparation 
and SEM characterization of fiberglass reinforced plastic commposites. Use of these tech- 
niques can lend insight into the physical properties and behavior of FRP materials. 
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FIG. 3.4=(a) Cross-sectional view of tensile-loaded FRP: glass fibers (1), filler particles 
(2), and stress-induced crack (3) are evident. (b) Digitized analog of (a). (c) Corres- 
ponding gray-scale histogram ‘and area measurement. 
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MICROPROBE EXAMINATION OF NITROGEN AND/OR OXYGEN CONTAMINATION IN TITANIUM ALLOYS 
J. E. Bohning 


A materials problem concerning titanium alloys has been found for years in the form of 
apparent low-density inclusions. These defects have been metallographically characterized 
as being large apparent alpha phase grains showing much higher hardness than the sur- 
rounding matrix area and being highly embrittled. Work performed for a period of 14 years 
has shown the feasibility of analyzing this type of defect in titanium alloys for nitrogen 
and oxygen by the electron microprobe. The analyses described in this paper were per- 
formed at Teledyne Wah Chang Albany Corp. with a Hitachi XMA-5 electron microprobe. The 
techniques used in this type of materials analysis can be successfully used with currently 
available electron microprobes. 

The low-density inclusions in titanium alloys have been previously labeled as Type I 
alpha-phase defects (oxygen and/or nitrogen stabilized).* The analyses of Type I alpha 
phase defects were performed for nitrogen and oxygen with a microprobe spectrometer 
equipped with a lead stearate pseudocrystal and a thin-window flow proportional detector. 
The detector gas was argon -10% methane (P-10). Several specific items in the analytical 
technique should be mentioned. First, the use of standards similar in composition to the 
defects analyzed have been found to be the best choice for the quantitative analysis of 
light elements,?*% The particular standards used were Ti-19.6. wt.% N and Ti-31.2 Wt.% 0. 
Second, the determination of background x-ray count intensities from the defect sample at 
the characteristic elemental wavelengths for nitrogen Ka and oxygen Ka x rays is essential 
for accurate quantitative electron probe microanalysis. In the case of nitrogen in 
titanium, there is a problem of x-ray peak overlaps. The wavelength of the N Ka x-ray 
line is 31.6A and the wavelength of the Ti LA x-ray line is 31.364. To establish a usable 
background count level for either N Ka or O Ka x rays from titanium alloy defects, the 
count total acquired from the sample matrix for the particular elemental x-ray line of 
interest is used as the background count level for the corresponding defect area. This 
technique is a practical method of establishing a background count level for N Ka x rays 
being generated in a low nitrogen content level (<5.0 wt.% N) Type I alpha-phase defect in 
titanium alloy systems. Similar techniques have been used in the analysis of nitrogen and 
oxygen in zirconium alloy defects.* The method of background determination described above 
has been shown by the author to be equivalent in accuracy to using off-peak wavelength 
measurements for N Ka microanalysis in zirconium alloys where there is no problem with 
x-ray peak overlaps. 

Two typical Type I alpha-phase defects in Ti-6Al1-4V alloy were analyzed as described 
above for nitrogen and oxygen. The results of microprobe analyses for nitrogen and oxygen 


are given in Table 1 as first approximations of weight percentage content. These values 
TABLE 1.--Calculated first approximations of weight % concentration of nitrogen and oxygen 
in Type 1 alpha phase defects in Ti-6A1-4V alloy. 


Sample and Region Concentrations, % 
of Analysis 


Type I o-phase defect #1 


Type I a-phase defect #2 
Lower Limits of Detection ee) Pee” 


are called K-ratio percentages [(Net x-ray counts on the defect/Net x-ray counts on the 
standard) x Elemental weight percentage content of the standard for the element analyzed]. 
Also included in the table are calculated lower limits of detection for nitrogen and 
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oxygen in these specific defect samples. The lower limits of detection are calculated by 
standard statistical calculation techniques used for electron probe microanalysis." 

Detection of nitrogen and oxygen in the same two Type I alpha phase defects was suc- 
cessfully performed using a JEOL 733 electron microphone in February 1985. 

In the past 14 years, electron microprobe analysis of nitrogen and/or oxygen has been 
successfully performed on 130 Type I alpha phase defects in titanium alloys. Of that 
total, 91 were found to be nitrogen stabilized, 17 were nitrogen (major element) and oxy- 
gen (minor element) stabilized, 20 were oxygen stabilized, and two were oxygen (major ele- 
ment) and nitrogen (minor element) stabilized. The consistent ability to obtain accurate 
and reliable results in the microprobe analysis of nitrogen and oxygen in titanium alloy 
defects demonstrates that, with care, the techniques described above are an acceptable 
method of characterization of a major material defect problem. 


References 


1. E. M. Grala, Characterization of Alph Segregation Defects tn Tt-6Al-4V Alloy, 
Technical Report AFML-TR-68-304, 1968, iii. 

2. J. 1. Goldstein et al., Practical Scanning Electron Microscopy, New York: Plenum 
Press, 1977, 3rd ed., 437. 

3. J. E. Bohning, "Microprobe examination of nitrogen and oxygen contamination in 
zirconium alloys,'! Mierobeam Analysts--1979, 114. 

4. Ref. 2, p. 452. 


198 


J. T. Armstrong, Ed., Microbeam Analysis—1985 
Copyright © 1985 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


8 
Geological and Energy Applications 


SEM MORPHOLOGIES REVEALED BY ATTACK OF THE STRUCTURE OF ENTREDICHO ORE (CIUDAD REAL, SPAIN) 
F. A. Calvo, J. M@ Guilemany, and J. M@ Gémez de Salazar 


The structures left after leaching with hydrobromic acid for various times are discussed 
and the distribution of the several constituents is cleared up. The structures shown 
support the possibility of a hydrometalilurgical process proposed for the beneficiation of 
mercury ore. They also give new data about the host rock, which also support our genesic 
hypothesis. 

In other work! we have studied the nature and structure of the Entredicho ore, formed 
mainly by cinnabar (HgS) as the economic mineral and quartz as gangue (Fig. 1}. In the 
same way the presence of intracrystalline native mercury in the cinnabar (Fig. 2) and 
in the quartz crystals is to be mentioned (Fig. 3). 

The extractive metallurgy of the mercury from its sulfide ores is currently done by a 
pyrometallurgical process.* Mercury is obtained by condensation of its vapor. This 
process originates the formation of solid residues from the combustion and from the 
thermic decomposition of the inert constituents, similar to quartz and silicates phases,? 
and those joined with the mercury to form the so-called soots (hollines), which are 
difficult to treat. 

Recent investigations allow the treatment of the mercury ores hydrometallurgically by 
leaching with hydrobromic acid in aqueous solution, as shown in the following reaction: 


HgS + 4HBr 2 HoHgBry, + HS 


The precipitation of the mercury from its soluticn can be accomplished by various 
methods--cementation, electrolysis, or direct precipitation as mercury oxide (red oxide)-- 
which are of industrial importance. 


Methods and Procedures 


Samples of minerals were obtained by brittle fracture (liquid air) and metallized with 
gold (200 A) in order to test the massive mineralization of quartz by the cinnabar. Suc- 
cessive attacks at room temperature on the samples were done with aqueous concentrated 
periods of 5 min each. The chemical attack was interrupted by washing with acidulated 
water in hydrochloric acid. At the end of each period of leaching of the mercury, the 
samples were once more metallized with gold (200 A), which implies that the cover of gold 
must be eliminated previous to the leaching with hydrobromic acid, by attack in aqueous 
solution of potassium cyanide for 10 min and further washing in alcohol. 


Results 


The leaching action of hydrobromic acid on the samples is shown in Figs. 4-6, which 
correspond to the attack in the same place for 5, 10, and 15 min, respectively. The final 
results show a skeleton of siliceous nature, formed mainly by idiomorphic quartz 
crystals (Fig. 7). 

In an attempt to study the dissolution mechanism of mercury sulfide, an observation was 
made on the attack surfaces that confirms that the hydrobromic acid attacks preferentially 
the active surfaces of the mineral, which become the fracture planes of mercury sulfide 
(Fig. 8). Figure 9 shows the resulting structure of the attack of hydrobromic acid on 
cinnabar after 5 min; a magnified detail (Fig. 10) confirms that the action of the hydro- 
bromic acid is principally on the previously mentioned sites. 

The existence of other minor sulfide-like constituents, such as pyrite (FeS,), in the 
ore made it necessary to study the effect of the leaching agent on it. 

Figure 11 shows the resulting structure after a 5 min attack on a sample deusely 
mineralized by cinnabar. If we study the same area after a second attack (10 min), we can 
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FIG, 1.--(SEM) 
FIG, 2,--(SEM) 
FIG. 3.--(SEM) 
FIG, 4.--(SEM) 
FIG. S.--(SEM) 
FIG. 6.-- (SEM) 


Structure of Entredicho ore. 

Native mercury into cinnabar. 
Native mercury into quartz crystal. 
Leaching of ore after 5 min. 
Leaching of ore after 10 min. 
Leaching of ore after 15 min. 
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FIG. 7.--(SEM) Skeleton of siliceous nature, formed by idiomorphic quartz crystals. 

FIG. 8.--(SEM) Fracture surface (fibrous-lamellar) of cinnabar. 

FIG, 9.--(SEM) Structure of attack by hydrobromic acid on cinnabar after 5 min. 

FIG. 10.--(SEM) Magnified detail of Fig. 9. 

FIG. 11.--(SEM) Structure after 5min attack on sample densely mineralized by cinnabar. 
FIG. 12.--(SEM) Same area after second attack (total time, 10 min). Presence of pyrite on 
quartz crystal (A). 
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observe that a phase of different nature appears on the quartz crystals (Fig. 12a). EDS 
analysis shows that it is pyrite (FeS,, Fig. 13), not seen in Fig. 11. 

After the third period of attack (a total time of 15 min) the cinnabar was totally 
leached but not the pyrite, and its surface appears unmodified (Fig. 14). The solvent 
action of hydrobromic acid is thus selective; cinnabar is easily demineralized and the 
other constituents of no economic interest are left unaltered. Of course the leaching 
process must be controlled, because a variation in the condition of pH or Eh could modify 
the speed of dissolution of cinnabar and could provoke the precipitation of the other 
mercury phases, similar to mercury oxibromide. 

Figures 15 and 16 show a fine precipitate on the quartz crystals. EDS analysis 
indicates the presence of mercury bromid (Hg,Br.,, Table 1). 

The recuperation of this phase is possible by attack with water at 70 C after disso- 
lution of gold by potassium cyanide solution, as shown in Fig. 17, which is for the same 
area as Fig. 15. 

The demineralization of the ore serves to show some structural facts of great 
interest: (a} porosity and permeability of the host rock; (b) the existence of a great 
number of nonidiomorphic quartz crystal or in-formation processes that confirm the genesis 
hypothesis of its formation;* (c) the presence of microcrystalline defects on the quartz 
crystals, and principally in the twin planes (Fig. 18), which also confirms that the 
presence of intracrystalline cinnabar and native mercury inside the quartz crystals is the 
consequence of its existence in vapor phase in the magmatic fluid, formed principally by 
molten cinnabar, that minearlized the host rock;*~® and EDS analysis confirms the 
existence of the other phases of silicated nature, composed by aluminum and magnesium. 
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TABLE 1.--EDS analysis on mercury bromide phase. 
SPECTRUM ~ CORR-ANAL3 


20° EN/CH 
200. SEC. ACQ. TIME 


UNKNOWN ANALYSTS RESULTS 


CALIB. EAS. PERCENT 
EXERGY ENERGY CTS/SEC ERKOR 


1 BR (2235) K-ALPHA # 11.922 14.922 22,91 


2e1 
2 BR (Z=35) K-ALFHA 2 11.876 11.876 11.67 4.5 
BR (2=35) 34.17 1.2 #3 Hi. 
3.HG (280) H-ALPHA $0 (2.195) 2.195) 122.9 1.0 ee om 
4 HG (Z=80) M-ALPHA 2 2.493 2,193 122.9 1.0 a. oth ee 10 ris 
HG (2=80) 245.8 0.4 E nee ha xES : : SEKEU) 
FIG. 13.--{EDS) Analysis of pyrite 
phase 
STANDARDLESS EDS ANALYSIS 
SPECTRUM CORR-ANALS JUNE 2, 1982 (IAF CORRECTIONS VIA NAGIC V) 
: ELEMENT NEIGHT ATOMIC PRECISION 
ACCELERATING VOLTAGE 25.0 KEV & LINE PERCENT “PERCENT 2 SIGHA Xk-KATIO ITER 
INCIDENCE ANGLE 90.0 DEGREES BR KA 30.97 52.97 9.74 Q.4051 
HG RA $9.03 47.03 0.55 0.5949 9 
EFFECTIVE TAKE-OFF ANGLE 35.0 DEGREES TOTAL 100.00 NORMALIZATION FACTOR: 0.933 
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FIG. 14--(SEM) Area of Figs. 11 and 12 after 15min attack; pyrite phase is maltered. 
FIGS. 15 and 16.--(SEM) Mercury bromide on quartz crystals. ; 

FIG. 17.--(SEM) Same area as Fig. 15, after attack with water at 70 C. 


FIG. 18.--(SEM) (a) Idiomorphic quartz crystals (twinning); (b) detail of porosity in twin 
planes on quartz crystal. 
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Advanced Imaging Techniques 
COMPOSITIONAL MAPPING OF THICK SPECIMENS 


D. E. Newbury 


Since the first demonstration of x-ray area scans obtained with the scanning electron 
microprobe of Cosslett and Duncumb, the use of the electron microprobe to produce two- 
dimensional elemental distribution maps has become a powerful adjunct to conventional 
fixed-probe analysis.'~* We are now at a significant point of change in the methodology 
for the recording and utilization of x-ray elemental mapping. Currently, most mapping is 
carried out by means of analog signal processing. X-ray signals detected with a wave- 
length-dispersive (WDS) or energy-dispersive (EDS) x-ray spectrometer are used to modulate 
the intensity of a cathode ray rube (CRT) scanned in synchronism with the specimen, and 
the resulting image is recorded photographically. Such an x-ray area-scan image when 
properly recorded is a powerful tool for solving practical problems, but the image is only 
qualitative in nature and conveys little quantitative information. 

A new method of quantitative digital compositonal mapping is now emerging.*~°® This 
method is opening new levels of utility and application for the familiar x-ray mapping 
technique. Furthermore, elemental mapping of bulk samples by electron-excited x rays is 
being augmented by other methods which obtain information not available in the x-ray 
signal. These associated methods include electron-excited Auger electron spectrometry to 
map surface constituents, and secondary-ion microscopy/microprobe analysis to map trace 
constituents, light elements, or isotope ratios. 


X-ray Elemental Mapping 


Analog Methods. The various analog methods for efficiently using the x-ray signal for 
mapping have been reviewed in detail by Heinrich.’ In the principal analog recording 
method, the "dot map,'' the beam is continuously scanned on both the specimen and the CRT. 
When an x-ray pulse is processed, the intensity on the CRT is set to a specific value for 
the duration of the pulse, typically 50-100 us after shaping. The scan speed is chosen so 
that the pulse duration produces a bright dot on the final photographic material. Each 
dot denotes the position of the scanned beam when an x-ray of a specific energy is 
detected. By building up a sufficient number of such events, the areal density of dots 
can be used to indicate the presence or absence of various constituents. Because of the 
poor efficiency with which characteristic x rays are generated compared to the electron 
signals used for conventional morphological imaging, it is generally not possible to form 
x-ray images with gray-scale information. To reduce the sensitivity to random noise, the 
brightness can be adjusted so that a single written dot does not expose the film, but two 
dots superimposed produce a dot in the final image. An example of the use of analog 
mapping near the practical lower limit of concentration, about 1 wt.%, is shown in Fig. 1, 
which shows a map of the zinc distribution at the grain boundaries of polycrystalline 
copper after diffusion-induced grain boundary migration (DIGM) .7° To record this image, 
about 6 h of scanning time was required. 

The chief technical limitations of the analog dot map are as follows. 


(1} A severe limitation exists on displaying quantitative concentration variations. 
Each picture element in the recorded image can exist in only one of two states, bright 
("on'') or dark ("off"), a dynamic range of only 1 bit. Although the composition, and 
hence the x-ray signal, may vary from place to place within the scanned field, the 
recorded image can only register the presence of x rays, not the intensity. The number 
of dots per unit area is the main indication of concentration differences within the 
image. 

(2) The analyst is unable to modify the x-ray information after recording in order to 


The author is with the Center for Analytical Chemistry, National Bureau of Standards, 
Gaithersburg, MD 20899. He is grateful to his colleagues R. Marinenko, D. Bright, and 
R. Myklebust for their excellent efforts in developing quantitative compositional mapping, 
and D. Butrymowicz for the opportunity to apply the techniques to diffusion-induced grain 
boundary migration. 


FIG. 1.--Conventional analog x-ray dot map 
of zine at grain boundaries of polycrys- 
talline copper. Accumulation time 6 h. 
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FIG. 3.--(a) Digitally recorded x-ray map 
(128 x 128 pixels) of gold distribution 

at grain boundaries of a silver gold alloy. 
Contrast was enhanced by subtraction of 
gold intensity from silver intensity. 

(b) Gamma contour processing of image (a). 


i 
a 
a 
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FIG. 2.--(a) Digitally recorded x-ray map FIG. 4.--Digital ion microscope map of 
(128 x 128 pixels) of zinc at grain bounda- aluminum distribution in reaction-bonded 
ries of copper. Accumulation time 6 h. Silicon carbide. 512 x 512 pixels; 

(b) Gamma contour processing of image (a). accumulation time 10 s. 
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eliminate background or manipulate contrast, which is particularly limiting in the case of 
energy-dispersive maps where the peak-to-background signal is poor. 

(3) Because the dynamic range is so small, it is difficult to seé small concentration 
differences superimposed on a high concentration level. Further, practical limitations 
arise from the need for careful control of the recording CRT, particularly on very long 
exposures. The total count must be monitored carefully. Generally, 10°-10° counts are 
needed for a high-quality map. If the scan is interrupted too soon, the image appears 
dark; if too many counts are accumulated, the image saturates. 


Digital Methods. The advent of powerful laboratory computers dedicated to the electron 
microprobe has made the quantitative digital compositional map possible. Such computers 
are usually found in the form of an advanced multichannel analyzer capable of processing 
both EDS and WDS signals. In the digital method, the beam is stationed at a point for a 
certain dwell time, and the x-ray signal is integrated to produce a single-channel count 
with WDS, or a multichannel spectrum with EDS. The EDS spectrum may be processed to yield 
data on more than one elemnt, and/or several WDS signals can be recorded in parallel if 
more than one spectrometer is available. A digital x-y grid of counts at each x-y scan 
location is stored in the computer for each x-ray signal. 

The main advantage of the digital map is the flexibility which this method of recording 
brings to the x-ray data. The analyst avoids the possibility that the data will be 
unusable due to failure to establish the proper photographic conditions. The digital 
signal can be repeatedly read out of the computer storage and transformed into analog 
Signals to modulate a CRT scanned with the x-y pattern of the data x-y grid. Thus, the 
photographic conditions can be adjusted until a satisfactory image of the qualitative 
X-ray area scan is obtained. An example of a digital x-ray map of zinc/copper DIGM in a 
region similar to Fig. 1 is shown in Fig. 2. Comparison of the two maps shows that the 
contrast of the digital map, which has been manipulated by background subtraction and 
gamma (output signal = input signal to a fractional power) processing is superior to the 
analog map. The digital map allows discrimination of three distinct compositional con- 
tours within the zinc-enriched grain boundary region. Much more important is the possi- 
bility that the stored data can be transformed to reveal low levels of contrast in the 
signal which would not be visible in a conventional analog recording. An example of the 
application of the digital equivalent of black-level suppression to enhance a limited 
contrast range of DIGM in the Au-Ag system is shown in Fig. S$." Tn this case, the strong 
image contrast is produced by a decrease of 8 weight percent in the concentration of gold 
at the boundary against a general background of 35%. 

The highest level of sophistication of a quantitative digital compositional map 
consists of performing a complete quantitative analysis at each pixel. Such a procedure 
requires that the intensity for each element of the unknown, the background, and the 
intensity for an appropriate standard be available for each pixel in order to calculate a 
k-value (intensity unknown/intensity standard) x-y grid. Because of the existence of 
wavelength spectrometer defocusing effects, the determination of an appropriate standard 
intensity throughout the scan field is not a trivial problem. Detailed techniques for 
calculating valid k-value matrices are described by Marinenko et al.’ If EDS data are 
used, the inherently poor peak-to-background (P/B) of the spectrometer necessitates the 
use of accurate background removal in order to calculate a k-value x-y grid. Once the 
k-value x-y grid is determined, matrix corrections must be applied at each point to 
determine quantitative compositional values. Since a large number of points must be cal- 
culated (16 384 for a 128 x 128 x-y grid, which is a very modest density), efficient 
methods of matrix correction calculation must be employed. These methods are also con- 
sidered in a separate paper. ° Finally, when x-y grids of compositional values are cal- 
culated, a variety of image display techniques, including various transformations and 
color-display schemes, can be applied to enhance the visibility of the compositional 
differences. 

For the purposes of mapping, EDS and WDS systems offer different advantages. The EDS 
map is practically free from defocusing effects, even at low magnifications with very 
large scan excursions of 1 mm or more, whereas defocusing is significant in WDS maps even 
at high magnifications of 1000 or more, especially when enhancement is used to expand con- 
trast in the final image, . However, WDS images can be used to display much lower values of 
concentration than EDS images, because of the higher P/B for WD spectrometry. Concentra- 
tions as low as 1000 ppm can be displayed with sufficient accumulation time. 
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Trace Imaging 


Imaging at trace levels (parts per million by weight) by means of electron-excited 
x rays is eventually limited by spectrometer peak-to-background, system stability, or 
patience. Of these three, the third is often the most difficult to extend. Consequently, 
compositional mapping methods that can image at trace levels more rapidly are of increas- 
ing importance. The most successful of these methods is secondary-ion mass spectrometry 
(SIMS). The main character of the SIMS spectrum which lends itself to trace imaging is 
the extremely high peak-to-background which is available for many elements, often extending 
to 10°./1 or more. Two instrumental alternatives are available for mapping, The ion 
microprobe is based on focusing the primary ion beam, combined with a scanning system, to 
provide elemental distribution maps. The alternative of focusing the secondary ions is 
employed in the ion microscope, in which ion images are formed by a true optical process. 
In the ion microscope the images are viewed directly on a fluorescent screen and are not 
scanned but rather are formed continuously, following ion to electron to photon conversion. 
Digital recording of such continuous images is accomplished by means of a computer- 
controlled high-gain television camera or semiconductor array device. As an example of 
the performance of such a system, a map of the distribution of aluminum in reaction-bonded 
silicon carbide is shown in Fig. 4. The aluminum is present in this material as a trace 
constituent at a level of 100 ppm in the bulk, but the distribution map could still be 
obtained in only 10 s of ion bombardment due to the great efficiency of signal collection 
and recording in the ion microscope. 


Surface Imaging 


Electron-excited x rays integrate information over 1 um or more of depth into the 
sample, and thus the technique cannot be thought of as surface characterization. The 
increasing interest in surfaces has led to the development of surface imaging techniques. 
Illustrative of these techniques are Auger mapping and SIMS imaging. 

The electron-exicted Auger technique is complementary to x-ray mapping, since the same 
distribution of inner-shell ionization events gives rise to Auger electrons as well as 
characteristic x rays. The x rays can escape the sample from a range of depths, but the 
Auger electrons cannot travel more than a few nanometers in the sample without losing 
their characteristic energy, and thus they carry surface information. The lateral resolu- 
tion of the Auger signal is limited by the lateral spread of the beam electrons and subse- 
quent backscattering, but in general it depends strongly on signals produced by the inci- 
dent probe. The high background which arises from competing backscattering and secondary 
electron processes can limit the contrast sensitivity of this technique, even with 
digital processing. 

SIMS imaging is also confined to the surface of a sample, since the range of secondary 
ions is also of the order of nanometers. However, the erosion of the sample by ion sput- 
tering necessarily destorys the surface as it is imaged and integrates the image informa- 
tion over some range of depth. For highly sensitive species and with an efficient image 
collection system, the depth of material removed can be kept to a few atom layers. Since 
a series of images can be recorded as a function of sputtering time, a three-dimensional 
map of the specimen can be created by a combination of the information contained in 
several images. 
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HIGH-RESOLUTION TOPOGRAPHIC AND ISOTOPIC IMAGING WITH A 40keV Gat SCANNING ION MICROPROBE 
Riccardo Levi-Setti, Geoffrey Crow, and Y. L. Wang 


A newly developed scanning ion microprobe (SIM) focuses 40-60keV Gat and Int probes to spot 
sizes in the range 20-90 nm, with probe currents of 1.5-30 pA. With such probes, it is 
feasible to explore the useful sensitivity and lateral resolution limits of imaging secon- 
dary ion mass spectrometry (SIMS). High quality isotopic maps can still be obtained at 

the 20nm level of lateral resolution, for samples rich in elements of low ionization poten- 
tial (for positive secondary ions) or high electron affinity (for negative secondary 

ions). In these conditions, submonolayer depth resolution can be achieved. 

The practical utilization of ion probes at the pA current and 20nm spot size level for 
the purposes of SIMS microanalysis and mapping requires the use of a highly efficient sec- 
ondary ion collection and transport system. For this capability in particular, and in 
terms of spatial resolution attained, our results improve on previous uses’ ~* of probes 
from liquid metal ion sources (LMIS), for SIMS imaging microanalysis. 


Regutrements for Htgh-resolutton SIMS Mapping 


Careful optimization of many parameters affecting both the target sample and its re- 
trieved image is required to attain high spatial resolution from highly destructive probes 
such as those extracted from LMIS in a SIM.*’° This requirement holds for either topo- 
graphic imaging in which the ton-induced secondary electron (ISE) or tom (ISI) signals are 
exploited, ® or for SIMS mapping. In fact, relevant aspects of the probe-target interac- 
tion and image acquisition system must be considered in order to achieve image resolution 
approaching the probe size.’ 

On one side, the total primary ion dose should be minimal to reduce the loss of sur- 
face detail due to sputter erosion of the sample using ISE or ISI imaging. Similarly, for 
surface SIMS imaging, it is desirable to limit the sampled depth to the intrinsic ISI 
escape depth, comparable to the thickness of one monolayer. At the same time optimal 
specimen sampling with a digital raster involves the scan of an area whose side is given 
by the product of the probe diameter times the number of picture elements (pixels) per 
frame, which thus defines an optimal magnification. The desired erosion depth and the scan 
area define a volume of material sputtered and in turn an overall tolerable dose of pri- 
mary ion beam. 

On another side, the conditions in which this dose is administered is important. In 
a digitally controlled raster scan coupled to a SIMS system, the dwell time per pixel must 
exceed the time of flight of the analyzed secondary ions to preserve synchronous image 
display. This requirement leads to a mass-dependent, minimum dwell-time condition. An 
upper bound on the dwell time per pixel also exists, imposed by the desirability of main- 
taining a monolayer 0, coverage on the sample during a SIMS scan, to enhance the ISI 
yields,® thus improving SIMS sensitivity and image statistics. Two conditions to satisfy 
this requirement, depending on whether or not 0, replacement is available, are discussed in 
detail elsewhere.°’’ 

With a carefully designed SIM and SIMS system coupled to a high-resolution image dis- 
play, it has proved feasible to preserve the matching of beam spot size and image resolu- 
tion to reach the 20nm level in either ISE, ISI, or SIMS images, with probe currents as low 
as 1 pA. Under these operating conditions, we approach the limits of SIMS lateral resolu- 
tion set by the size of the collisional cascade initiated by the incident ions.? 


Instrumentation 


The high-resolution SIM (Fig. 1) was developed in a collaboration between the University 
of Chicago (UC) and Hughes Research Laboratories (HRL). The ion beam, extracted (thus far) 
from a Gat or In*+ LMIS, is accelerated and focused by a two-lens column, with one crossover. 


The authors are at the Enrico Fermi Institute and Department of Physics, The University 
of Chicago, Chicago, IL 60637. This work was supported by the National Science Foundation 
under Grant DMR-8007978 and partially by the Materials Research Laboratory at the University 
of Chicago. 
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FIG. 1.--Schematics of UC” ARL scanning ion microprobe. 


dI 
Probe Current for qq = 20 pA/Sr 
io ig @ ul io 0 


io 0 10 
UC-HRL HIGH RESOLUTION SIM 
Ga* probe size vs a, 
for AE = 10 eV FWHM, 
image dislance = 3cm 7 
5] Vs= lon ey 
10 
= 50 nm Virtua 
& Source Size 
@ 10 $ Measured FWHM probe 
8 size at 40 keV 
a. Inferred from image 


0 nm Virtual 
Source Size 


resolution 


| 
io lo 
Accepted Half-Angle af Source &, (rad) 


10° 


FIG. 2.--Calculated probe diameter d, vs 
beam acceptance half-angle a, at the source 
for Ga-probe in UC-HRL SIM. Experimental 
points at three beam-defining apertures are 
shown. 


and stigmator are controlled by a Z-80-based microprocessor. 
time per pixel can be varied over a wide range. 
For optimal imaging, such that contiguous pixels on the sample 


1024 x 1024 pixels/frame. 


An optical aperture, placed in front of the 
LMIS defines the source acceptance half- 
angle a,, and in turn the final probe size 
dp, in this chromatic-aberration-limited 
optical system (Fig. 2). The calculated 
performance of the column has been verified 
at three settings of a), with aperture 
diameters of 25, 12.5, and 5 um. From the 
Gaussian profile of grooves sputter-etched 
in Au-coated Si wafers, we have determined 
a dp FWHM of 90 and 43 nm at a, values of 
0.78 and 0.39 mr, respectively. For the 
smallesta, (0.16 mr), a probe size of ~ 20 
nm was inferred from the observed image 
resolution. For a source current of 2 uA, 
the probe currents are 32, 8, and 1.6 pA 
for the three aperture settings, respec- 
tively. Departures from the chromatic- 
aberration-limited regime, due to the Gaus- 
sian image of the virtual source size, have 
not yet been observed, which implies that 
the latter must be smaller than ~ 50 nm. 
ISE and ISI topographic imaging is ob- 
tained from the signals collected by two 
channel electron multiplier detectors (CEM) 
overlooking the target region at a shallow 
angle. Individual CEM pulses are discrimi- 
nated, amplified, shaped, and displayed with 
variable width and amplitude on a high- 
resolution CRT. The probe deflection system 
The raster size and dwell 
All micrographs reproduced here contain 


are mapped on the CRT, the size of the imaged area is 1024 x 1024 or 20 x 20 ym? at (for 


20 nn. 


example) qd, 
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A miniaturized ISI energy analyzer and transport system (2 cm deep) is coupled to an RF 
quadrupole mass filter for SIMS microanalysis (Fig. 1). The scheme is conceptually similar 
to that developed by Wittmaack.'*® The positive or negative ISI are extracted from the 
target region by an accelerating potential of + 100 V within a distance of a few milli- 
meters. They are energy-analyzed by a 90° electrostatic prism and focused onto a slit that 
transmits ions within an energy window of 110 eV. The center of the quadrupole is main- 
tained at an offset potential of a few volts relative to the target potential. The SIMS 
CEM signal is processed in the same way as the ISE or ISI signals for pulse-mode image 
displays. 


Microanalytieal SIMS Capability of Gat and Int Probes 


A detailed analysis of the residual SIMS sensjtivity at the present limits of lateral 
resolution (%20 um) has been reported previously.’ "From a sample of natural fluoroapatite 
of known composition, an overall detection efficiency for Ca*®* of 1/250 sputtered atoms 
has been derived. The measured Ca*°” ion yield observed for this sample is 2 x 10* cps/pA, 
for a 40keV Ga* probe, and 1.4 times higher for an In* probe. Both positive and negative 
ISI spectra have been found to agree substantially with those obtained with an 0” probe,*+ 
in a Cameca IMS 300 analyzer, although the dynamic range in our case is reduced by 2-3 
decades relative to that available with the latter. Nevertheless, even without external 0, 
enhancement, our ion yields are a factor of 10° higher than those of the Cameca IMS 300, 
and still a factor of 10 higher than those of the Cameca IMS-3f.77 

In addition to Ca in fluoroapatite, the highest yields for positive ISI, in the 10° cps/ 
pA range, have been observed for the other elements of low ionization potential, the alkali 
in particular, in silicate minerals and glasses. Comparable yields for the negative ISI 
have been observed for the elements of high electron affinity, the halogens in particular, 
and oxygen. Among the elements of lowest sputtering yield, C’ and C,~ in (for example) 
graphite for an In* probe have ISI yields of ~2 x 10? cps/pA. The ISI yields of oxygen- 
saturated pure metal surfaces under bombardment by a 9 keV In* probe have been studied 
extensively by the Vienna group.'*’** With our 40keV Ga* or In* probe, we observe yields 
~105 higher than those reported by the above authors for a variety of matrices. Al. metal- 
lizations of integrated circuits have shown yiclds in the range 107-10" cps/pA, and Ti and 
Cu from a superconducting wire, 10° cps/pA. Fe and Cr in stainless steel yield v103 cps/ 
pA with primary currents of .l1-2 pA, but the yields are reduced to 12 x 10? cps/pA.for cur- 
rents above 10 pA. This effect may be related to the rate of surface 0, depletion, in 
absence of 0, flooding. 

In summary, the relative yields of positive and negative ISI from Ga* and In* probes 
20-50 nm in size, at 40 keV, are quite comparable to those of 0 probes. When coupled to 
a highly efficient SIMS system, they still provide 14 decades of spectral sensitivity at 


Pa 


currents of 1-10 pA in acquisition times < 1 h. 


High-resolutton Topographic and Isotopte Imaging 


Topographic imaging plays an important role as a diagnostic tool for the optimization 
of a SIM focusing performance, prior to elemental mapping. The image quality obtainable 
with the UC-HRL SIM is illustrated in Fig. 3. Figures 3(a) and (b) are two views of the 
eye of the fruit fly (Drosophila melanogaster) with the ISE signal from a Gat probe of 
1.6 pA. The image resolution, estimated at ~20 nm (from higher magnification images), is 
sufficient to reveal the "corneal nipple array" on the lens surface, which serves an anti- 
reflection role in the insect eye. This structure is rapidly eroded in subsequent scans 
at the magnification of Fig. 3(b}). With a 10pA In* beam, at this magnification, the lenses 
collapse during visual focusing. Figures 3(c) and (d) show two views of the Si0, skeletons 
of fossil diatoms. The field of view in Fig. 3(d) is 5 um wide and the resolution limits 
of the SIM begin to be noticeable. However, the absence of truly sharp edges at high SIM 
magnification is also partly due to sputter erosion of the sample. 

Meeting the requirements previously set forth concerning optimal, submonolayer SIMS 
mapping has made it possible to observe the interplanar distribution of intercalant in 
graphite (HOPG), intercalated with SbCl5. Figures 4(a) and (b) refer to stage-4; Figs. 
4(c) and (d) to stage-2 of intercalation. (The stage number corresponds to the number of 
graphite layers between each layer of intercalant.) The observed structures can be sharply 
mapped only in the first scan with a 1.6pA, 20nm Ga* probe, but most detail is lost with an 
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FIG. 3.--Topographic contrast in ISE and ISI images obtained with 40keV, 1.6pA Ga* probe in 
256s exposures: (a) and (b) details of the eye of Drosophila melanogaster, ISE signal; (c) 
and (d)} fossil diatoms (Si0.). ISE signal in (c), ISI signal in (d). 
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FIG. 4.--C1°°" maps of freshly cleaved, SbCls-intercalated, highly oriented pyrolithic graph- 
ite; 1.6pA, 40keV Gat probe, 512s exposures. (a) Stage-4, 1.3 x 10© counts; (b) stage-4, 3.2 
x 105 counts; (c) stage-2, 1.5 x 10© counts; (d) stage-2, 5.3 x 10° counts. 
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8pA scan due to the superposition of multilayer structure. The bead-like domains are inter- 
preted’ aS representing the intercalant structure predicted by Daumas-Herold,*® which has 
heretofore escaped direct observation. The line network is attributed to the migration and 
coalescence of intercalant domains along surface steps and stacking faults created during 
the cleavage of the samples. 

FET structures in GaAs, observed with an 8pA, 45nm Ga* probe, are shown in Fig. 5. 
The topography, enhanced by sputter erosion, is seen in Fig. 5(a). Figure 5(b) is a Ti 
map, outlining the Ti-W metallization of the gate areas. Differential Gat and Ga,* self- 
sputtering is observed in Figs. 5(c) and (d). The relative yields of resputtered Ga* from 
the different target materials representedhere (W for the gates, Au for the source and 
drain pads of the FETs, GaAs for the matrix), reflect the relative surface concentrations 
c(Ga) which are reached as an equilibrium between implant and sputtering rates. These con- 
centrations depend on the sputtering yield Y of the target material and the projected range 
Rp and straggling o, of the probe ions in the target, dove os 


KE+ 


c(Ga} = (4Y)[1 + erf(R,/¥20,)] 


In our case, since the ranges of the primary ions in W and Au are comparable, the ob- 
served Gat yields are determined by Y. For the monomer Ga* as seen in Fig. 5(c), we ob- 
serve relative intensities from W and Au consistent with the above, since Y for Au is ex- 
pected to be much larger than for W. It is interesting that the emission of the dimer Ga,* 
does not always follow the behavior of the self-sputtered Ga*, as is seen in Fig. 5(d), 
which shows that Ga,* emission is totally absent for the W surfaces, quite the opposite of 
that of Gat. This suggests that specific surface molecular effects are operative in this 
case, which deserve further investigation. 

The highly differentiated silicate mineral structures of stone meteorites (chondrites) 
can be imaged with unprecedented detail with our microprobe. This class of primitive 
meteorites consists of aggregates of spheroidal bodies called chondrules, made up of crys- 
talline grains of olivine and pyroxene, cemented by a glassy matrix as quenched melt drop- 
lets. Prior to accretion, the chondrules are thought of as having been exposed to the 
dusty environment of the early solar nebula, acquiring rim coatings whose composition and 
structure is still under active study.?® 

Figure 6 shows some elemental maps obtained for the Mezo-Madaras chondrite, from pol- 
ished sections lightly coated with Au-Pd to prevent charging of the insulating sample 
These maps were obtained with a 8pA, 45nm Gat probe. Figures 6(a) and (b) show Mg *+* and 
Fe°®* maps of the boundary of a chondrule. The Fe-rich rim appears as a vertical band 
coating the body of the chondrule containing olivine grains, also rimmed by a thin layer of 
Fe. Several other maps of the same region, not shown here, identify the dark areas of 
both Figs. 6(a) and (b) as rich in Na, K, and Al, components of glass. Figures 6(c) and 
(d) are maps of Na?3* and Mg*** for an area of the interior of a chondrule, exhibiting 
radiating structures of olivine crystals embedded in glass. 

Numerous other applications of high-resolution SIMS mapping are at present under inves- 
tigation. Of particular relevance in the biomedical field is the feasibility of studying 
the dynamics of elemental absorption, exchange, and fixation in biological tissues with 
stable isotopes as tracers. This approach is being attempted with Ca * as label in the 
study of the growth and calcification of neonatal skull bone (calvaria).+? Shown in Figs. 
6(a) and (b) are the distributions of Na?3* and Ca*** on the surface of such bone. The 
latter is covered by a network of organic material very rich in Na and K, containing only 
a sparse distribution of Ca nucleation centers. A much richer Ca distribution for deeper 
layers is exposed by sequential sputter erosion. The Ca**/Ca*® ratio measured for unlab- 
elled samples is consistent with the natural abundance ratio = 0.0215, which indicates an 
absence of molecular interferences. For bone cultured live, in vitro, in a Ca** mediun, 
surface Ca**/Ca*® ratios as high as 0.58 have been measured. Figures 6(c) and (d) show 
maps for Na23* and Ca*** for one of these labelled samples. The Ca** distribution, which 
corresponds closely to that of Ca*® (not shown here), shows the pathways and sites of 
active bone calcification. 
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FIG, 5.--FET structures in GaAs. W metallizations cover gates; source and drain pads are 
coated with Au; 8pA, 40keV Ga* probe. (a) ISI image after sputter erosion, 32s exposure; 
(b) Ti*®* map, 512s exposure, 3600 counts; (c) Ga®9* map, 256s exposure, 1.8 x 10© counts; 
(d)} Ga, 158 map, 512s exposure, 3.8 x 10° counts. 
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FIG. 6.--Elemental maps of polished section of Mezo-Madaras chondrite: 8pa, 40keV Gat probe. 


(a) Mg*"**, chondrule rim region, 256s exposure, 1.9 x 10® counts; (b) Fe>é* 


al 


same area as in 


(a); (c) Na*3*, chondrule interior, 512s exposure, 2.3 x 106 counts; (d) Mg24+, same area 


as in (c}, 512s exposure, 2.2 x 10© counts. 


z] 
4 
4 
4 
4 
4 


FIG. 7.--Elemental maps of skull bone of neonatal mouse. (a) Na23+, 40keV, 8pa Gat probe, 
512s exposure, 2.8 x 10© counts; (b) Cat®*+, same area as in (a), 512s exposure, 1.3 «x 10° 
counts, Ca*4/Ca#®? = 0.021 for this normal bone; (c) Na23*, 40keV, 1.6pA Gat probe, 512s 
exposure, 3.4 x 10® counts, bone sample cultured live, in vitro, in Ca*t* medium; (d) Cat4*, 
same region as in (c), 512s exposure, 1.2 x 10° counts, Cat*/Ca*® = 0.55 for area shown. 
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Conelustons 


With careful design of the SIMS optics and optimal choice of operating parameters, ex- 
ploitation for high-quality imaging microanalysis of Gat and In* probes at the 20nm size, 
1.6pA current level has been shown to be feasible. Although limiting in terms of spectral 
sensitivity, such high-resolution, low-intensity probes represent a most powerful tool for 
spatially resolved surface analysis and pave the way to a new generation of SIMS studies. 
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COMPUTER-AIDED COMPOSITIONAL MAPPING IN SCANNING ELECTRON COLUMN DEVICES 
C. E. Fiori, R. D. Leapman, and K. E. Gorlen 


This review paper is concerned with the acquisition, display, and interpretation of x-ray 
and/or electron energy loss images (maps) that can be obtained by a scanning electron col- 
umn device, and how the modern digital computer can be applied in the process. 


The Image Acquisition and Display System 


In the conventional display system used on scanning electron column instruments we move 
the electron beam over the face of the recording oscilloscope in synchronism with the beam 
over the specimen surface. When a detector receives an increase in its signal from the 
specimen (e.g., brightfield, x rays, etc.) the beam on the recording oscilloscope is in- 
creased in brightness. Consequently, an "image" is "painted" onto the face of the display 
tube. The synchronous beams are displaced by imparting horizontal and vertical velocity 
components Vx and Vy. Vx is typically between 500-2000 times Vy. The direction in which 
the velocity component is greater is called the line direction and the other direction is 
called the frame direction. When the beam reaches the end of a line on the oscilloscope 
it is inhibited from producing light (blanked), moved to the beginning of the next line, 
and the scan repeated. The "conventional! display system has been used since the earliest 
days of scanning electron column devices since only simple analog electronic devices are 


required. 
A method alternative to continuous beam rastering is discrete rastering accomplished 
with what is usually called a "digital scan generator.’ In this technique the x and y 


velocity components of the synchronous clectron beams are not constant but remain zero for 
a finite period of time and then the beam is rapidly stepped to the next point. The dis- 
placements along the line direction are equal. When the end of the line is reached, the 
beam is moved back to the beginning of the line and displaced one step along the frame axis 
with the step size equal to the line step. Each point in the image at which the beam 
dwells is called a "pixel." Digital scan generators as used in scanning electron column 
devices typically use between 500 and 4000 pixels along the frame and line directions. The 
digital method of scan generation is very convenient for applications with the digital com- 
puter. Images contain an enormous amount of information and so mathematical manipulations 
involving images require the use of a computer. It can be expected that the digital tech- 
nique will replace the "conventional" method in most future microscopes. 

The application of an on-line and interactive computer results in a substantial im- 
provement in several key capabilities of a scanning electron colum. These capabilities 
derive mainly from the ability of the computer to record ali the information generated and 
detected when the primary electron beam interacts with a location on the specimen. Conse- 
quently, beam-induced radiation damage is minimized (an important consideration in biolog- 
ical or polymer applications). The recorded information may be modified, and most impor- 
tant, combined, in a great variety of ways before presentation to the operator-analyst, 
which permits structure and/or analytical information to be seen in a micrograph where none 
could be seen before. 

It was obvious from the beginning that the output from a scanning mode microscope 
could be directly digitized. Over the last several years there have been several reports 
of such work now that computers with sufficient memory, mass storage, and speeds have be- 
come available at an acceptable cost [see, for example, Refs. (1-10)]. Indeed, several 
commercial computer-based imaging products are now available that combine some of the fea- 
tures to be described below. What we discuss here is based on our experience in interfac- 
ing a laboratory grade minicomputer to an analytical electron microscope and an electron 
beam x-ray microanalyzer. 


General Considerations for a Computer and Its Mteroscope Interface 


We shall describe the advantages of an "on-line" and "interactive" computer. By ''on- 
line'' we mean that the computer does more than just record and process signals produced by 
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the microscope; it also actively controls how the signals are acquired. Once the analyt- 
ical requirements have been specified by the operator the computer controls, for example, 
the position of the electron beam, the acquisition parameters for the x-ray spectrometers 
(EDS or WDS), and gain and integration times of the secondary or backscattered electron 
detectors. By "interactive'’ we mean that the computer returns an answer quickly enough to 
be useful in the analytical strategy of the operator. For example, if the operator re- 
quires an x-ray analysis the computer can process the acquired spectra to obtain atomic 
concentrations. Also, images may be processed by modifying or combining information con- 
tent in such a way as to permit the operator to see features in the image that the unpro- 
cessed image did not reveal. The operator can utilize the results of such rapid calcula- 
tions on data to decide whether a particular feature of a specimen should be further 
examined. 

We need to clarify a possible confusion in terminology. An "image" ("micrograph," 
"picture," “area scan,'' etc.) of an "area" is obtained by scanning the primary electron 
beam over a usually rectangular area of the specimen and changing the intensity of the 
electron beam of the display oscilloscope (which is scanning in synchronism with the pri- 
mary beam) by a signal derived from some component of the beam-specimen interaction pro- 
cess. Confusion can result when more than one type of signal (e.g., bright or darkfield, 
characteristic or continuous x ray, etc.) are recorded simultaneously. We can now obvi- 
ously have different "images" of the same area all derived from the sameraster scan. Con- 
sequently, it becomes necessary to specify which signal (or combination of signals) was 
used and the area scanned for each 'timage."' Indeed, in some situations it is desirable to 
record more than one raster scan of the same area, for example, to provide a measure of 
differential mass loss. It is then necessary to identify the raster scan in addition to 
area and signal. 


Constderattons for the Microscope 


Several features are desirable on a computerized scanning electron column; also, there 
are limitations of the microscope itself that must be recognized in the design of the 
interface. 

When the computer has completed a task, control of the microscope electron beam should 
be returned automatically to the conventional sweep circuits so that an image can be viewed 
on the microscope display. While the computer is processing data the beam can be turned 
off to avoid unnecessary specimen irradiation. Devices that accomplish this action are re- 
ferred to as beam blankers and typically consist of an electromagnetic or electrostatic 
deflector located above the first condenser lens. These devices should be designed so 
that the electron beam can be moved on or off the specimen in a few microseconds. When the 
beam is moved back on the specimen there should be no spatial hysteresis. Such beam 
blankers permit the use of a "pulsed tube" mode of operation in conjunction with the 
energy-dispersive detector.’+ Pulsed tube mode EDS can increase X-ray count rates by as 
much as a factor of four. 

Long data acquisition times (many hours) are sometimes required because of the nature 
of the samples being analyzed and the physical processes involved. If standards are being 
used in a quantitative scheme significant periods of time might elapse between standard 
measurements. During these times it is possible that the current in the electron probe 
may change and some measure of this change is required. A device that can accomplish this 
task is a small insertable Faraday cup (a carbon slab will work just as well) located pref- 
erably just above the specimen or between the condenser and objective lenses after any 
beam limiting apertures. This device can also serve as a slow beam blanker with a response 
in the order of one second. Both the insertable Faraday cup and the fast beam blanker are 
examples of what might be called "premium" accessories. That is, they are not yet on the 
standard accessory list of all microscope manufacturers but can be had at the time of 
initial purchase by "special" request (i.e., before submission of a purchase order). 

Computer control of the electron beam in the microscope is accomplished by the use of 
digital to analog converters (DACs). Due to noise and magnetic and electrical nonlineari- 
ties in the microscope scan coil circuits it is not meaningful to use DACs which convert 
more than 12 bits.’* This conversion corresponds to a spatial resolution of one part in 
about four thousand. 

To avoid electrical ground loops it is desirable to exclude the metal of the microscope 
column from any signal circuit. Consequently, coaxial-type vacuum feed throughs may have 
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to be converted to triaxial or other multiple-pin types. Examples of signal lines for 
which this modification may be required include the solid-state detectors for backscattered 
electrons and the induced specimen current signal feed through. 


Constderattons for the Computer 


As is well known, the development of computer and related technology is proceeding at 
a staggering pace. As soon as a "state-of-the-art" device is announced it is superseded. 
However, when one has work to be done and a need for some device to do this work, one has 
to select the best equipment affordable and proceed. A lot of good work gets done with 
"outmoded" equipment and one can console oneself that producing results is more important 
than finding design errors for the manufacturer of the "latest" state-of-the-art gadget. 
The following paragraphs describe equipment that is available at reasonable cost at the 
time of writing (1985). It is a certainty that better devices will soon be available to 
do many of the things discussed and so we have attempted to be as general as possible. 

Image processing requires large amounts of main memory and disk storage. Even a simple 
operation such as subtracting one 512 x 512 x 8 bit image from another would require 512 
kilobytes (KB) of main memory to hold the data. Many 16-bit minicomputers (the most ubi- 
quitous variety at the time of writing) cannot be equipped with so much memory, and most 
of those which can must resort to address-mapping tricks to access all of it. This situa- 
tion exists because the instructions of 16-bit processors usually produce 16-bit addresses, 
which allows only 65K words or bytes of data to be accessed. Given this constraint, it is 
necessary for programs to operate on images in small pieces which must be moved between 
disk and main memory or in and out of a programs addressable memory. Even with these re- 
strictions a number of commercial products of great power exist at reasonable cost and 
performance. However, 32-bit computers with more than sufficient memory capability have 
recently become available at quite reasonable cost and speed; these devices are definitely 
more suitable for image processing. 

Scanning a specimen in an SEM can produce a large quantity of data. For example, a 
512 x 512 picture element scan of a specimen taken while data are being collected from EDS, 
backscattered, and secondary electron detectors would require several megabytes of disk 
storage for raw data. Depending on the nature of the various signals, different amounts 
and type of storage are required for the data. An absolute minimum amount of storage, at 
each pixel, in STEM applications would be 12 bits, which corresponds to a resolution of one 
part in 4096. Some signals might require two full 16-bit "words" to store the data at each 
pixel in the image. Usually these data will be stored on large capacity disk units with 
either removable or fixed media packs. The latter units are often called "Winchester" 
disks and are available at present for example with 474 megabyte capacity for a total hard- 
ware cost of $15,000. Versions of 5-30 megabytes are available for several thousand dol- 
lars. These disks have an average access time of about 40 ms and can transfer or accept 
data at a rate of about a megabyte/s (i.e., about an image/s). These units are also used 
to store the “operating system" of the computer, user programs, and small data files. 

After the acquisition of only a few images, however, it becomes apparent that some form of 
main archival storage is required. Reel-to-reel 9 track tape drives (capable of storing of 
the order of 100 images) are excellent for this purpose but are expensive ($15,000). 
Recently, "streaming" tape units and tape cartridges have become available at greatly re- 
duced cost which are equally effective, and more convenient, for archiving purposes. 

An EDS or WDS x-ray spectrum can be mathematically described by a vector (one-dimen- 
sional array). Similarly, an image may be described by a matrix (an M by N dimensional 
array). There is a computer accessory, generally called an array processor, which can 
speed up operations on vectors and matrices by several powers of ten. For example, a typi- 
cal array processor can perform a complex fast Fourier transform of a 1024 point x-ray 
spectrum in several milliseconds. The present cost of an array processor is approximately 
$5-15,000. However, an array processor can be tricky to program. 

Displaying digital images involves much more than exhibiting processed data on a screen. 
One should be able to alter contrast or brightness, perform pseudo-coloring, annotate with 
arrows, text, and other graphical notation, superimpose graphs (line scans), outline areas 
of interest, zoom, pan, or combine several images. To have the central processor (CPU) of 
the main computer do these functions is slow and burdensome and difficult to program. The 
computer is unavailable for anything else while any of the above is being performed. 

Commercial products are available that are usually called image-display systems. These 
systems have enough memory to store multiple 512 «x 512 or 1024 x 1024 x 8-bit images and a 
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number of similarly sized several bit overlays for alphanumeric and graphical information. 
Eight bits (i.e., 256 "levels") is totally sufficient for display purposes even though the 
data displayed, for example, were acquired with 16 bits of resolution (65 000 levels"). 

It is a trivial matter to "map" the "acquired" resolution into the "displayed" resolution 
to display all of the data or only certain parts of it. Output can be produced on a stan- 
dard red-green-blue (RGB) color monitor, refreshed at 30 frames/s directly from the display 
system memory. The main computer is free to perform other tasks, such as data acquisition, 
while all of the above mentioned display functions are being performed on previously ac- 
quired images by the display system. The display system is also considerably faster at 
performing the above since special hardware is usually included to make the display truly 
interactive with the operator. One such piece of hardware is an extremely fast integer 
array processor which operates directly on the 8-bit image planes. This processor can, for 
example, add one image plane to another in less than one farme time (i.e., 1/3 s). The 
cost of this "built-in" array processor is several thousand dollars. 

The motivation for the use of color in the display systems of scanning electron micro- 
scopes is simple. The human observer can simultaneously distinguish no more than about 15- 
20 useful levels of monochrome light intensity, but the same observer (if not color blind) 
can distinguish 350 000 distinct colors. The latter figure is based on experiments where 
many pairs of colors are compared side by side by many viewers who are asked whether the 
colors are different. With a color display system it is also possible to "overlay" images 
by assigning each one to a particular color. The primary colors red, green, and blue are 
usually chosen for this purpose. 

At present, the cost of an image display system is between $15,000 and $50,000. 


Satellite Processors 


Positioning the microscope electron beam, controlling the various detectors, and read- 
ing data from the A/D converters during data acquisition are time-consuming tasks that are 
uneconomical to perform with a minicomputer. There are at least two efficient ways to 
handle these tasks: build special-purpose hardware or program a satellite microprocessor 
(a microcomputer) to do this job. Special-purpose hardware permits faster acquisition of 
the various signals, but a programmable microprocessor is substantially more flexible. The 
satellite processor has a reasonable amount of its own memory (e.g., > 64 kilobytes) and a 
high-speed parallel link into the host computer. A typical transfer rate would be 150 kilo- 
bytes/s. The link is used to load the microprocessor with any one of a large number of 
possible data-acquisition programs, depending on the mode of operation desired. The micro- 
processor acquires data which are sent in large blocks over the link to the host computer 
where they are processed and/or stored. An example of this processing is the continuum 
and dead time correction of x-ray maps. 

Fiori et al.?* have described an x-ray imaging method using the top-hat digital filter. 
The top-hat filter was first applied to energy dispersive x-ray spectra by Schamber.'* The 
algorithm is both simple and elegant; calculations can be performed very quickly by a com- 
puter. The latter point is extremely important since we require the calculations to be 
made on the fly at every pixel and within the pixel dwell time. Briefly stated, counts in 
a group of adjacent channels of a spectrum are "averaged" and the “average" assigned to the 
center channel of the group; the procedure is repeated at each channel as the filter is 
stepped through that part of the spectrum from which we wish to remove the continuum. 

The effect of the averaging procedure is as follows. If the original spectrum is 
curved concave upward across the width of the filter centered on a particular channel, the 
average will be negative; if the curvature is convex the result is positive. The greater 
the curvature, the larger the value. The filtering operation has an effect on the spectrum 
similar to taking a smoothed second derivative. 

In order for the filter to respond with the greatest measure to the curvature found in 
spectral peaks, and with the least measure to the curvature found in the spectral back- 
ground, the width of the filter must be carefully chosen. For a detailed treatment of the 
subject, see Schamber and Statham.+**1° In general, we choose the width of the filter to 
be twice the full width at half the peak maximum amplitude (FWHM) of the x-ray peak being 
used for imaging, with the number of channels in the central section equal to the combined 
number of channels in the side sections (see Appendix). Using the above filter dimensions 
with a standard resolution EDS detector one can image the adjacent elements Mg, Al, and Si 
with negligible interference even when the adjacent element is the pure element and the 
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imaged element is present at zero concentration. 

The final step in the application of the digital filter is to extract a quantity which 
will be assigned to the coordinates of each pixel to represent the characteristic intensity. 
We choose the sum of counts in the central section, since this quantity provides the highest 
peak-to-background ratio. 

The Si(Li) detector amplifier system produces an output pulse that can be many tens of 
microseconds long for each processed x-ray photon. Consequently, deadtime losses are high 
and we can easily attain a condition where the amplifier cannot process the detected x-ray 
photons fast enough and the output count rate for the analyte decreases for an tnerease in 
total input count rate. If we spend the same time at each pixel during the acquisition of 
an image under high count-rate conditions several bizarre artifacts can occur. A particu- 
larly insidious artifact is that regions of a specimen that contain higher concentrations 
of analyte can appear darker in the image than regions that contain less. This problem and 
other contrast reversal problems can be avoided by a simple logic gate by which pixel 
dwell time is determined not by "real'' time but rather by amplifier "live" time. An EDS 
image must be deadtime corrected if any quantitative use is to be made of it. 

Proper background correction of electron energy loss images is even more important than 
for x-ray images but is beyond the scope of this paper. (For a detailed explanation see 
Refs. 8 and 9.) 

A computer system such as described will undoubtedly be asked to perform many functions 
in the laboratory: support applications program development, monitor instrument operating 
conditions, acquire and process data, display results, and play "'Zork" and "Pacman."' It is 
frequently desired to perform several of these functions concurrently. To simplify this 
job it is desirable to use a multi-tasking/multi-user operating system that would allow 
data to be processed (a CPU intensive task) while acquiring new data (an I/0-intensive 
task) from the microscope(s). 


Some Examples 


It is a trivial matter, using the computer, to weight-average the value of a pixel in 
an image with its nearest neighbors and to do it for every pixel in the image. Such a pro- 
cedure is usually referred to as "smoothing" an image. In general, the smoothing of images 
is the two-dimensional equivalent of smoothing an x-ray spectrum. And just as that tool 
has been considerably abused we can only expect the same with image smoothing. Smoothing 
produces artifacts. Under the right circumstances (easily achievable in SEM-STEM applica- 
tions) smoothing can convert an image with "correct" but difficult-to-see information into 
an image with easy-to-see nonsense. However, under appropriate circumstances, smoothing 
can produce spectacular improvements in an image. Figure l(a) is an “original unsmoothed 
image. This image is a 512 x 512 pixel computer simulation using an accurate Poisson ran- 
dom noise generator.?° Each pixel in the "background" has a mean of 50 counts and the 
“object,'' located approximately in the middle of the micrograph, is a 50 x 50 pixel square 
with a mean of 52 counts per pixel. As can be seen from the figure the object is diffi- 
cult to visualize. The contrast and brightness have been adjusted to produce the maximum 
visibility. Figure 1(b) is a 21 x 21 pixel "smooth" of Fig. l(a). Again, the contrast 
and brightness have been adjusted to produce the maximum visibility of the object. The 
"power" of smoothing in this example is readily apparent. 

Our last example is an analytical electron microscope examination of a single macro- 
phage obtained from the lung of a victim of "black lung'' disease. The intent of the study, 
from which this example was chosen, is to determine the number and composition of respir- 
able particles taken up by individual macrophages by victims of this debilitating disease. 

The diameter of the macrophage in the images was 12 um, the acceleration potential was 
100 kV and the probe current was 1 nA. The elemental images each contain 128? pixels; the 
brightfield image contains 256? pixels. 

Figure 2(a) is the brightfield image. The tissue was fixed in gluteraldahyde but un- 
stained. Consequently, the contrast mechanism is weak. Figures 2(b) through (e) are 
x-ray images of the same area and have been continuum and dead-time corrected by the pro- 
cedure described above. Pixel dwell time was 100 live-time milliseconds. These images 
are fully quantitative in that the intensity at each pixel is proportional to the elemen- 
tal concentration. For display purposes the images are scaled with the lowest pixel value 
assigned to be full black and the highest pixel value assigned to be full white. The con- 
centration can be read out by several procedures including "line scans" and "regional 
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FIG. 1.--(a) "Original" unsmoothed image, 512 x 512 pixel computer simulation. Each pixel 
in "background" has mean of 50 counts and “object,'' located approximately in middle of 
micrograph, is 50 x 50 pixel square with mean of 52 counts per pixel. Contrast and bright- 
ness adjusted to produce maximum visibility of object. (b) 21 x 21 pixel "smooth" of (a); 
contrast and brightness adjusted for maximum visibility of object. note smoothing artifact. 


histograms .'"°?1 Figure 2(f) is a background-corrected electron energy loss image of the 


carbon K edge. The region of the image scanned is smaller than that of the x-ray images 
and emphasizes several essentially pure carbon (coal) particles. Note from the x-ray 
images the presence of sulfur in these particles, which shows that the particles are high- 
sulfur coal. The other particles are various silicates. 


Coneluston 


In this review paper we have described some of the more important considerations in 
interfacing a computer to a scanning electron column device. We included several examples 
showing a few powerful imaging and processing capabilities. In this latter regard only the 
surface was scratched. Using powerful image transform and stereology algorithms one can 
obtain vast amounts of information simply unavailable by any other means. And much of it 
can be done interactively while the operator is sitting at the microscope console. 


[Opposite page: ] FIG. 2.--(a) Brightfield image of single macrophage obtained from lung of 
victim of "black lung" disease. Diameter of macrophage in images is 12 um. (bh) Continuum 
and deadtime-corrected aluminum Ka image of same area as (a). (c) Continuum and deadtime- 
corrected silicon Ka image of same area as (a). (d} Continuum and deadtime-corrected sul- 
fur Ka image of same area as (a). {(e)} Continuum and deadtime-corrected sulfur Ka image of 
same area as (a). (f) Background-corrected ‘electron energy loss image of carbon K edge. 
Region of image scanned is smaller than x-ray images and emphasizes several essentially 
pure carbon (coal} particles. Note (from x-ray images) presence of sulfur in particles, 
which indicates high-sulfur coal. 
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MAPPING OF TRACE ELEMENTS WITH PHOTON MICROPROBES: 
X-RAY FLUORESCENCE WITH FOCUSED SYNCHROTRON RADIATION 


A. L. Hanson, K. W. Jones, B. M. Gordon, J. G. Pounds, M. L. Rivers, and G. Schidlovsky 


High-energy electron synchrotron storage rings provide copious quantities of polarized 
photons that make possible the mapping of many trace elements with sensitivities at the 
parts per billion (ppb) level with spatial resolutions in the micrometer range. The 
brightness of the x-ray ring of the National Synchrotron Light Source (NSLS), at present 
being commissioned, will be five orders of magnitude larger than that of the brems- 
strahlung spectrum of state-of-the-art rotating anode tubes. We discuss mapping trace 
elements with a photon microprobe at present being constructed for use at the NSLS. This 
microprobe will have micrometer spatial resolution. 

Brookhaven National Laboratory is commissioning the NSLS, an electron synchrotron 
storage ring dedicated only to the production of high-intensity x rays. This facility 
consists of two storage rings that will separately cover the vacuum ultraviolet (vuv) and 
x-ray regions of the electromagnetic spectrum. The larger 2.5GeV storage ring will pro- 
vide a continuous spectrum of x rays with useful intensities up to an energy of approxi- 
mately 20 keV. This storage ring is a high-current machine (500 mA design current) with 
bending magnets of 6.875m radii. 

Figure 1 represents the energy spectrum of photons available on the high-energy ring. 
The typical beam line is positioned on a bending magnet and is labeled "arc source" in 
the figure. This curve is for the design electron current of 500 mA and a 1% energy band- 
width (through a monochromator). The other curves show spectra for the special cases in 
which multipole magnetic devices (wigglers) are inserted into straight sections of the 
storage ring to provide oscillations that enhance certain properties. For example, the 
high magnetic field of the superconducting wiggler will harden the x-ray spectrum to pro- 
vide usable flux to 100 keV. The 24-pole REC wiggler using permanent magnet structures 
simply increases the flux by a factor of 24 over that of the arc source using a comparable 
magnetic field. 

When used for x-ray fluorescence, synchrotron radiation provides a number of advan- 
tages over other fluorescence techniques utilizing charged particles and x-ray tubes. The 
broad and continuous spectrum of photons has sufficient intensity that a band of energies 
about a desired excitation energy may be selected with a monochromator. The combination 
of high brightness and polarization of the photons results in sensitivities in the 
1-100ppb range for many elements with analysis times of 1 min or less. Elemental mapping 
is made possible by the low divergence of the photon beam which allows for x-ray focusing 
with mirrors at grazing angles. 

Sensitivities for elemental analysis with x-ray fluorescence have been calculated! for 
focused x-ray beams, and a 30um beam spot and intensities available from the NSLS. The 
calculations are shown in Figs. 2 and 3. The calculations were for trace elements in thin 
biological matrices (2 mg/cm? carbon) and thin geological matrices (3 mg/cm? USGS BCR-1), 
respectively. The calculations were based on the expected output from a scanning crystal 
spectrometer with 5s irradiating time. The discontinuity in the curves represents the 
required change of analyzing crystal. Sensitivities using a Si(Li) detector and 60s 
irradiation times are about a factor of 10 poorer due to inherently higher backgrounds. 

Several experiments have been carried out at the Cornell High Energy Synchrotron 
Source (CHESS). The results of measurements of minimum detectable limits (MDLs) for 


thick biological samples in ambient air using thearc source (<20mA current) and a low 
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bandpass monochromator have been 

reported elsewhere.*~* The MDLs, meas- 
ured with a Si(Li) detector, were of the 
order of 200 ppb. These measurements 
scale within an order of magnitude with 
the calculations of Gordon.* More recent 


6 poles, 6T 


ee measurements with 3043keV x rays from 
REC WIGGLER, K=19 the wiggler at CHESS have been made. 
24 poles . These measurements emphasized analyses 
aspen Fi Sas Me, of geological samples with monochromated 
ae SUPERCON. WIGGLER a (low bandpass) s rays. Sufficient 


fluences of x rays were available for 
analyses with beam spots apertured to 
100 x 100 um. 

ARC SOURCE 

The X-ray Miteroprobe 


One beam line on the x-ray ring at 
the NSLS is dedicated to development and 
use of an x-ray microprobe for x-ray 
fluorescence analysis of trace elements. 
The design of the x-ray microprobe will 
utilize mirrors at grazing angles to the 
beam to demagnify the x rays ultimately 
to a 1-10um diameter beam spot. The 
present design of this microprobe 
includes a monochromator and a focusing 
pilatinum-coated ellipsoidal mirror. 
This mirror will provide an eight-fold 
demagnification with an energy limit of 
17 keV. The final beam spot will be 20 
FIG, 1.--Photon energy spectrum for NSLS x-ray to 30 wm in diameter. The final design 
ring operating at 2.5 GeV. X-ray microprobe of the beam line will used the focused 
will be situated on arc source. 30 um beam spot as the source image for 
further demagnification to 1-10 um. 
With a source-defining pinhole at the second phase focal point, no pinhole would be 
required at the third phase focal point. Ray tracing studies to determine fluxes trans- 
mitted through this system are in progress to determine the optimum optics and the avail- 
able sensitivities. 
Mapping trace elements with the microprobe will be performed by scanning a sample 

through the focused beam spot. Distributional maps of the trace elements in the samples 
can be made with minimum detectable limits on the order of those shown in Figs. 2 and 3. 
As noted, the beam line will be equipped with a monochromator to select a specific energy 
band from the incident x-ray beam. For x-ray fluorescence, monochromators with the 
largest available band passes will be implemented to maximize the photon flux. However, 
if a low-bandpass monochromator is used, with a sacrifice in sensitivity, the chemical 
states of the elements can be studied by measurements of the fine structure of the 

: absorption or fluorescence around the elements' absorption edges. 

: X rays in the energy region available with the NSLS have a depth of penetration large 

: enough for tomography, so the microprobe will permit the development of microtomography. 
The monochromatic x rays that will be available should improve the resolution obtainable 
with normal tomography. By measuring the fluoresced x rays, it will be possible to 
perform depth profiling of the trace elements. Similarly, the tomographic technique can 
be used in a transmission mode just above and below an absorption edge to provide a depth 
profile of the major and minor elements. 
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Matrix: Carbon (2 mg/cm?) 
{1 mg/cm? backing) 
Detector: WDS, 5Ssec 
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FIG. 2.--Sensitivity for trace element 
fluorescence analysis in thin biological 
matrix using 30um beam spot. MDL is 
minimum detectable limit and QL is quanti- 
tation limit,*® where standard deviation is 
10%. (From Ref. 1.) 
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FIG. 3.--Sensitivity for trace element 
fluorescence analysis in thin geological 
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Ref. 1.) 
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10 
Energy-dispersive X-ray Analysis 


STATISTICS AND WISHFUL THINKING IN MICROBEAM AND IMAGE ANALYSIS 
P. J. Statham 


An earlier tutorial’ established some concepts in statistics with particular reference to 
microanalysis and developed simple formulas for common applications. This paper extends 
the former treatment and places more emphasis on the deleterious efforts of statistics on 
techniques used in processing digital spectra, images, and analytical results. Many 
procedures that are quite plausible fail in practice through statistical disturbance, so 
it is useful to appreciate how that can occur. 


Sources of Stattstical Uncertainty 


By "statistics" I mean the unavoidable random fluctuations which are the result of 
noise or probabilistic counting phenomena involved in the acquisitions of raw data. These 
fluctuations provide the ultimate limit to the precision of any derived parameter but are 
quite distinct from "experimental errors" involved in specimen preparation, instrumental 
distortion, theoretical formulation, and mistakes by the analyst, which tend to have a 
systematic effect. Thus, it is quite possible for an experiment to yield a precise, 
reproducible result that is wholly inaccurate. 

To improve precision, we must reduce the "noise," which invariably involves extending 
the data acquisition time either directiy, for example by increasing the preset time for 
X-ray spectrum acquisition, or indirectly by increasing the time constant for recursive 
frame averaging or integrating more individual frames in digital image acquisition. 

With x-ray and electron signal measurement we are counting '"quanta'' produced by a 
certain dose on the specimen. Since, due to restrictions of solid angle or data storage 
for example, the signal may not be fully utilized, the final signal-to-noise ratio may be 
worse than dictated by statistics in the original source. In this case, the "detection 
quantum efficiency! DQE < 1 but the measurement technique can be varied to minimize the 
degradation.” If we are recording digital images from a scanning electron beam in a 
serial fashion, there is no inherent advantage in scanning fast because the signal-to- 
noise ratio is primarily limited by the total time the beam spends on any one area of the 
sample over the course of the acquisition. However, if the complete image is available at 
once, aS in a transmission microscope for example, a TV camera can be used in conjunction 
with a phosphor screen to effect "parallel detection'' which, given considerations of the 
camera conversion,” should still give a markedly better DQE than if the same image is 
scanned serially over a single detector. The concept of "parallel" and "serial" detection 
concerns how well the available signal is utilized. For example, although a WDS spectrom- 
eter can yield much higher data rates, the DQE of a solid-state EDS detector is higher 
because all photons falling within the detector solid angle are counted, not only those in 
a certain wavelength band. 

The propagation of errors, from raw data to derived parameters, is quite straight- 
forward provided results can be expressed in terms of data values that are "statistically 
independent." In x-ray spectra, that is usually possible provided the original integrals 
over discrete energy bands are available and the data have not been “background 
subtracted" prior to storage, for example. If a result depends on parameters that have 
been calculated with some data points in common then "cross correlation" has to be taken 
into account .* 


Feature Detectton 


Background Subtractton and Detectton Limits. A detection limit value must always be 
calculated with reference to the exact technique that will be used to establish presence 
or absence of a peak because there is always a danger in misuse of published formulas. 
For example, in thin-foil analysis the MMF for element A in a matrix of B has been 
quoted? as 3(2 TA) 2 (KgpCp/Ip), where If is "the continuum background for element A." 
Using the notation of Ref. 1, we see this formula results from using windows of equal 
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width for both background and peak determination (Wp = Wp) and defining z "counts per 
weight %" constant y = I,/C, = kapCp/Ig- This formula only applies if Ip is actually the 
integral counts in a background window equal in width to all those used for peak integra- 
tion; if the background height in counts is used, the estimate of MMF is unduly opti- 
mistic. Furthermore, in background subtraction for EELS quantitation, it has been 
shownt’?*** that the MMF can be considerably worse than predicted by previously quoted 
formulas that ignored the uncertainty introduced by fitting a gradient term before 
extrapolation beneath the ionization-loss edge. 

Detection limits are often calculated assuming ideal conditions whereas in practice 
we find that 


(1) interference from nearby structures may prevent use of the same background 
fitting regions as used in the formula derivation; 

(2) systematic error due to imperfections in the background model may be larger 
than the statistical component; and 

(3) instrumental drift between experiments may occur so that background measurements 
may not be reproducible to within available statistical precision. 


Detecting Objects. The same principles of detection can be applied to images where, 
instead of integrating over a number of channels, we use the eye to average intensity 
over an area equal in size to the expected object and compare it with that for neigh- 
boring areas of similar size.+ For visiblity, the difference in average intensity should 
be at least 5 times the standard deviation for a single average; an explicit example in 
x-ray imaging appears in Ref. 1. If we have a roughly uniform field of low-contrast (C) 
objects and the total count in the image is Q in equivalent quanta, then the number of 
features which can be resolved in one dimension is roughly, 0.2¢Q2. With typical systems, 
the available pixel resolution often exceeds the intrinsic "statistical" resolution except 
for electron images acquired with total frame dwell of at least 1 s.° The problem of pixel 
resolution and intrinsic "statistical" resolution in electron images is discussed further 
in Refs. 2 and 7. 

In image analysis, one can sometimes separate objects from surrounding background by 
applying a threshold. Unfortunately, the threshold may be exceeded outside the object at 
noise excursions and the perimeter of the threshold result will also be ragged even 
though the original object is smooth. Ad hoc techniques such as eliminating small objects 
by “erosion can be used to clean up the final image but at a loss to effective resolu- 
tion. If possible, it is preferable to spend more time averaging the input signal prior 
to thresholding to maintain the fidelity of true image detail. 


Smoothing. Both spectra and digital images can be "smoothed" by weighted local 
averaging of data points in an attempt to reveal detail obscured by noise.+ Unfortu- 
nately, this procedure also transforms essentially broadband noise into low-frequency 
artifacts of the same size as the effective averaging domain. These "ripples" and "blobs" 
are often less satisfactory than the original noise because they give rise to detection 
of spurious features. 


Resolving Features 


Peak Overlap. Where peaks overlap, the effective local "background" is increased for 
each peak and this degrades detection limits.’ Linear least-squares fitting techniques 
can be used to resolve overlaps provided peak shapes are known accurately; then the 
statistical error in fitted parameters can be estimated directly. Where instrumental 
drift or distortion is uncertain, nonlinear techniques can be used to adjust a series of 
parameters to optimize the fit to the data. Although such techniques guarantee a good 
fit, the derived parameters can be grossly inaccurate in certain circumstances.°~? 

Whereas the nonlinear approach to equation solving is well defined and generally produces 
a unique solution, the presence of statistical noise in the data allows alternative solu- 
tions to offer just as good a fit as the correct parameterization for the noise-free case. 
Moreover, the formulas used to estimate the uncertainty in fitted parameters are only 
sensible if parameter results are close to the true values. The "chi-square" measure of 
"ooodness of fit" is merely an index that describes how great the observed differences 
are relative to random statistical fluctuations at all the data points.* It does not 
measure the accuracy of fitted parameters, although it can be an indicator of bias in 
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fitted peak areas.*? 

Deconvolution. Since spectra and images are normally the result of "convolution" of 
an input signal distribution by an "instrumented response function," the mathematical 
converse, "deconvolution," is well defined and normally involves frequency filtering in 
the Fourier domain to enhance high frequencies that have been attenuated by the instru- 
mental response. Anyone who tries this procedure soon recognizes the problem introduced 
by statistical noise: the high-frequency content of the data is dominated by the noise 
component, so that deconvolution produces a result overwhelmed by enhanced noise. 
"Partial deconvolution" can be effected by an optimal least-squares technique’* but the 
enhanced results exhibit spurious ripples which are most obvious in regions of back- 
ground. However, the rms error of the restoration can still be calculated (Eq. 8, 

Ref. 12) and serves as a guide to the validity of enhanced features. 


Interpreting Results 


Coneentratton Differences. When statistical precision can be calculated from raw 
data, it is a straightforward matter to decide whether two results are significantly 
different. In the notation of Ref. 1, concentrations C, and C, are different (to 99.73% 
confidence) if 


i 
[Cy - Col > 3(032 + 097)? (1) 


The calculation of standard deviations o, and o, in derived concentration may not be 
trivial. For example, in microbeam analysis, since concentration is roughly proportional 
to characteristic peak intensity, we might naively assume that (0,/C,) would be equal to 
the relative standard deviation for net peak intensity of element 1. However, if concen- 
trations are normalized to a total of 100% (as in thin-foil analysis), the data are 
"closed" and the uncertainty for one concentration value is affected by the concentration 
values of the other components in the sample.?° In the extreme Single-element case, the 
result is always 100% whatever the uncertainty in the raw data! 


the Error in the Error Estimate. A further complication arises if we attempt to 
include uncertainties in experimental and x-ray correction procedures into our estimate 
of o, and o,. Although we can do little to estimate likely imperfections in theory, we 
can estimate the standard deviation in a set of n results Nj by 


ge Jd : Ty 2 
s2 = z (N. - N) (2) 


where N is the average over the set. This is an "unbiased" estimator and the formula is 
most often implemented on pocket calculators. However, s here is only an estimate of the 
true standard deviation o single datum (which is generally less accurate than when 
calculated directly from the Poisson statistics of raw data). Since the variable 


es 
I 
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(N, - N)*/o? (3) 


possesses a chi-square distribution with n - 1 degrees of freedom, from tables we can find 
values X, and Xz so that, with 90% confidence, X; < X < X,. Since S¢ fa S-y/(n. =-1),, “we 
can calculate the 90% confidence range for the ratio (s/o) as a function of data points 

n. As suggested by Table 1, even if we use 10 results in Eq. (2) there is a 10% chance 
that the error in calculated standard deviation is greater than about 40%. Thus we have 
an additional uncertainty in the application of Eq. (1) to the testing of equality of two 
concentration values. Student's t distribution can be used in a more rigorous approach 
when co is unknown and homogeneity is to be checked.** 


Unexplained Sources of Error. If possible, it is helpful to use Eq. (2) to establish 
whether there are any unexplained sources of experimental error. For example, if 
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spectrum processing already provides peak intensities with standard deviation values 
calculated from Poisson statistics,* we can still repeat the same analysis many times and 
use Eq. (2) to give an alternate estimate for the standard deviation in a single intensity 
value. Subject to the limitations suggested by Table 1, if s exceeds the quoted spectrum 
processing value by a large margin, then it is worth looking for external sources of 

error (e.g., fluctuations in beam current, contamination, etc.). 


TABLE 1.--90% confidence interval for ratio of estimated deviation s to true standard 
deviation o as function of number of data n. In the long run, 9 out of 10 determinations 
of s fall within this fractional range of oa. 


n range 

2. 0.06 - 1.96 
5 0.42 - 1.54 
10 0.61 - 1.37 
20 0.73 - 1.26 
50 0.83 - 1.16 
100 0.88 - 1.12 
200 0.92 - 1.08 


Elimination of Bad Data. Bearing in mind the above discussion, we can consider the 
problem of elimination of "bad" results. If we have a good estimate of the standard 
deviation it is tempting to eliminate data falling more than 30 from the mean. If we 
have no good reason to explain exactly why a result should be eliminated it is unwise to 
throw it out on statistical grounds alone because it is precisely this type of result 
which determines the true experimental error. This practice can lead to undue optimism 
in terms of "error-bars'' for published data and make it more difficult to establish 
corroborative evidence for a given theory. Where systematic bias could be involved, 
e.g., through use of different correction formulas, different sample preparation, or 
different geometries, elimination of results from one source cannot be based on statistics 
that only deal with random errors. 


ConeLluston 


To summarize, here are some 'morals"' introduced by this paper and the earlier 
tutorial .* 


(1} The more parameters one derives from a given data set, the worse their 
precision. 

(2) Do not use text book formulas unless all the terms are defined fully and their 
validity is proven. 

(3) "Chi-square" is not a measure of precision or accuracy. 

(4) A good fit to a parameterized expression does not imply that the parameters are 
good. 

(5) Using a finer sampling grid does not insure that finer detail will be observed. 

(6) Ad hoc processing is no substitute for better data. 

(7) The fewer the measurements made, the more complicated the calculation of 
statistical precision and the more vague the conclusion. 

(8) There is no such thing as a free lunch. 
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11 
Acceleration-based Microscopy and Microanalysis Techniques 


DEVELOPMENT AND APPLICATION OF THE LOS ALAMOS NUCLEAR MICROPROBE: 
HARDWARE, SOFTWARE, AND CALIBRATION 


T. M. Benjamin, P. S. Z. Rogers, C. J. Duffy, J. F. Conner, C. J. Maggiore, and 
J. R. Tesmer 


There is a great demand for spatially resolved quantitative trace element analyses of 
geologic samples. This class of samples is characteristically heterogeneous, fine grained, 
and compositionally complex. The Los Alamos nuclear microprobe has been developed for, 
and applied to, nondestructive in situ geochemical analysis, primarily by the proton- 
induced x-ray emission technique (PIXE). Characteristic x-ray spectra are acquired by 
bombardment with 1-200nA beams of protons from the Los Alamos vertical Van de Graaff 
accelerator. Beam spot diameters of 10 um are routine. After spectrum deconvolution, 
detection limits of approximately 5 ppm are obtained for an integrated charge of the order 
of 10 uC. Applications concomitant with development have included analyses of meteo- 
rites,'’* including one potential sample of Mars,* terrestrial oil shales,* archaeological 
artifacts, and ore mineral samples. 


Hardware 


The Los Alamos nuclear microprobe system? (Fig. 1} contains several special compo- 
nents. The vertical Van de Graaff accelerator is exceedingly versatile. Proton beams 
up to 20 uA, continuous, on the 24in. Faraday cup are available over a range in energy 
from 1 to 6.5 MeV. Focused beams on target can exceed 200 nA. In addition, a wide 
variety of positive and negative particle beams can be utilized for low-Z element analysis 
by particle induced gamma ray emission (PIGE) and nuclear reaction analysis (NRA),°® and in 
Rutherford backscattering (RBS) analysis.° 

The NbTi superconducting solenoid final lens is critical to the attainment of high 
current densities and micron scale spots. Unlike quadrupole final lenses, the solenoid 
can focus ion beams to submicron diameters while retaining a usable 200pA/um? current 
density. Magnetic fields up to 80 kG can be produced by the solenoid. Ion optics consid- 
erations® and the physical dimensions of the solenoid and liquid helium dewar constrain 
the position of the sample stage and the x-ray detectors (Fig. 2). The solenoid reduces 
the spot size defined by the selected Pt SEM aperture box (Fig. 1) by a factor of 10 when 
focused on target. The use of cooled SEM apertures simplifies spot size selection rela- 
tive to a cooled microjaw slit system. 

In addition to a Si(Li) x-ray detector, the sample chamber (Fig. 2} mounts two crystal 
x-ray spectrometers originally used on a MAC electron microprobe. Mounted horizontally 
rather than in the normal vertical orientation, due to solenoid-defined space constraints 
and a desire to maintain a take-off angle equal to that of the Si(Li) detector, these 
spectrometers have proved to be difficult to align. Further effort will solve this 
problem so that the high degree of x-ray wavelength discrimination characteristic of 
crystal x-ray spectrometers can be used on a PIXE nuclear microprobe system for the first 
time. Even with poor alignment, we have obtained peak-to-background ratios that are 
superior by more than an order of magnitude to those obtained with an electron microprobe. 
These spectrometers will radically improve the rare earth element (REE) detection limits 
compared to Si(Li) spectrum deconvolution results, to the benefit of many meteoritic and 
geochemical problems. 

Near-term hardware additions will include precise current integration by RBS, 
secondary-electron suppression, and on-demand beam deflection to reduce bremsstrahlung, 
rapid 2D beam scanning, and secondary-electron imaging capability. 


Software 


The software developed at Los Alamos for deconvoluting and quantifying the Si(Li) 
PIXE data is based on calculations using fundamental parameters. When applied to the 

Authors Benjamin, Rogers, and Duffy are in the Isotope.and Nuclear Chemistry. Divi- 
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FIG. 1.--Los Alamos nuclear microprobe beam line schematic, side view. 
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FIG. 2.--Los Alamos nuclear microprobe sample chamber, top view. Crystal x-ray spectrom- 
eters, not shown (see Fig. 1), are mounted above and below Si(Li) detector. 


data, quantitative results are obtained by use of only one variable for each element, peak 
height. The electronic signal amplification gain and zero offset are determined in an 
energy calibration routine. Weighted-least-squares fitting of known elemental peaks in 
spectra from standards and the individual unknowns take into account the discrete x-ray 
lines in the data peak envelopes (for example, the a, and a, peaks in a Ka envelope). The 
x-ray energy-dependent Gaussian peak half-width function is also calibrated from the same 
peaks used in the energy calibration. This function, a characteristic of the Si(Li) 
detector, appears extremely stable and reproducible. The sample spectra are then fit with 
discrete envelopes composed of the sum of the Gaussians for all the lines of each element. 
Because only one variable per multi-Gaussian envelope, characteristic of each element, is 
required in the fitting routine, many overlap problems can be quantitatively resolved while 
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excellent detection limits are maintained. In the case of REE data, severe overlap of the 
numerous closely spaced [relative to Si(Li) energy resolution] L-lines superimposed on a 
nonlinear bremsstrahlung background degrades the detection limits to roughly 100 ppm. 

Essential to this method is knowledge of the relative intensities of every x-ray line 
for each element in that particular matrix, so that a single fitting parameter per element 
suffices. Also required are the relative intensities between lines of differing elements 
so that a known major element can be used as an internal standard for quantification of the 
abundance of all other elements in the spectrum. These relative intensities are calculated 
by numerical integration.’ As the samples are thick targets, the numerical integration 
includes the effects of decreasing beam energy (and the corresponding x-ray production 
cross sections) with depth and x-ray absorption in the sample. As an example, a 2.5MeV 
proton beam penetrates 50 um into quartz but x rays from elements lighter than Ca, although 
produced at this depth, do not reach the detector (Na, 17 um max.; Al, 37 um max.; and Cl, 
43 um max.). 

A truly typical spectrum is shown in Fig. 3. The sample, a meteoritic plagioclase that 
has been impact-shocked into a glass, was analyzed under the following conditions: 2.5MeV 
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FIG. 3.--2.5 MeV PIXE spectrum and data deconvolution results for shocked plagioclase in 
Zagami meteorite. Concentrations given in Table l. 


protons, 9nA beam current, 10 um spot, 6.8 uC integrated charge, x-ray filters consisting of 
20.335 mg/cm? Be and 13.117 mg/cm? Al, and a numerical integration step size of 1.0 (1.0 = 
10 keV). The elements given in the legend and tabulated in Table 1 were normalized to the 
electron microprobe value of 6.18 wt.% Ca through the relative intensity calculation. The 
x-ray filters were chosen to suppress the major elements such as Ca in order to minimize 
detector dead time. At this plot scale some of the peak areas are too small to exhibit 
the legend patterns. Also of note is the present lack of a detector efficiency correc- 
tion. The efficiency calibration is in progress. The correction is negligible through Ga 
but could amount to 30 to 40% at Sr. 

An enlarged portion of Fig. 3 is shown as Fig. 4. Considering that the peak positions 
and half-widths are determined by least-squares calibration and that the o/8 ratios are 
calculated from fundamental parameters, the fit to Sr is very good. The sensitivity of 
the PIXE technique requires consideration of escape and pileup sum peaks. The Fe Ka Ka 
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TABLE 1.--2.5MeV PIXE spectrum, Zagami plagioclase. 


La 90 
Ce 30 


50 
50 


Element Concentration (ppm) 
kK 3700 + 1400%* 
Ca =6.18 x 104 
Te 534 + 35 
Gr ies eee 
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+ 
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xErrors are lo total uncertainty. 
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FIG. 4,.--Enlarged portion of Fig. 3 showing excellent fit of relative intensity calcula- 
tion to data. 


0.0 


sum peak is imperfectly fit although statistically the error is small. The Rb Ka and 
Fe Ka K8 sum peak have a severe overlap. The sum peak proportionality systematics 
require the presence of some Rb to model the data adequately. 

Development plans include addition of the x-ray fluorescence correction, Lorentzian 
intrinsic line widths, low-energy exponential tails, and bremsstrahlung modeling. 
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Initial calibrations against known materials indicate an accuracy of the order of 10% 
when a major element is used as an internal standard. Precise current integration by RBS 
and new trace element standards, both synthetic and natural, permit precise intersample 
comparison. Calibration and software testing in progress include analyses of a suite of 
pure metals; simple alloys and minerals used as electron microprobe standards; and fused 
glasses of W-1, AGV-1, BCR-1, and BHVO-1 rock standards. 

Sensitivity to variation in the beam energy (and therefore x-ray production cross 
sections), matrix, numerical integration step size, and beam-to-target and detector-to- 
target angles (55° and 57°, respectively) is being assessed by calculation. 

Examples of the effect of matrix and numerical integration step size are given in Figs. 
5 and 6. The two matrices, Si0, and Fe;0,, encompass the mean atomic number of most 
geologic materials. The numerical integration step size is in units of 10 keV. In both 
Figs. 5 and 6 the curves are relative intensity calculations normalized to a 0.2 (that is, 
2 keV) integration size. In Fig. 5 the x-ray energy dependence (plotted as atomic number 
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for Ka x rays) vs the difference (error) in the relative intensities between a step size 
of 2.0 and a step size of 0.2 is shown. As expected, the larger step size yields poorer 
results but only for the softer x rays and at absorption edges. The difference is less 
than 5% for all elements heavier than Cl (for K-lines, and heavier than Rh for L-lines). 
Fortunately, the deviations due to step size are linear for reasonable ranges of step 
size (Fig. 6). This linearity allows, where necessary, extrapolation to zero step size. 
Again, the softer x rays are most affected and the matrix effects less significant for 
the higher atomic number elements. This type of analysis, when extended to other vari- 
ables in the system will allow the details of the PIXE analysis technique to be tailored 
to the accuracy required by the particular problem. 


Conelustion 


The PIXE technique has proven to be a major advancement in in situ, nondestructive, 
spatially resolved trace element analysis. The Los Alamos nuclear microprobe is being 
developed and calibrated to produce rapid and comprehensive elemental analysis of complex 
geologic samples with a Sppm detection limit. 
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MEASUREMENT OF THE CARBON CONTENT OF SILICATE GLASSES BY USE OF THE 12€(d,po)13C REACTION 
G. J. Fine, E. M. Stolper, M. H. Mendenhall, R. P. Livi, and T. A. Tombrello 


Carbon dioxide is a significant dissolved _ Component in a wide range of magmas and ubiqui- 
tous in gasses associated with volcanism.* This fact has motivated extensive study of the 
influence of COz on the petrogenesis of many magma types.* Despite its importance, the 
absolute concentrations of dissolved C in silicate glasses quenched from these magmas are 
not well known. Standard carbon analysis techniques (¢.g., gas manometry, quadruple mass 
spectrometry, gas chromatography) have been applied to natural and synthetic C-bearing 
glasses,*»* but a comparison of the results of these techniques shows wide discrepancies. 
These bulk analytic techniques are destructive and require relatively large samples; in 
addition, the effects of crystals, alteration phases, and C in bubbles (versus C dissolved 
in the glass) are often difficult to evaluate. 

In recent years, several meso- to microbeam techniques have been applied to measure- 
ment of the C contents of natural and synthetic silicate glasses. These beam techniques 
have several advantages over bulk techniques. They are nondestructive, the beam may be 
aimed at specific sites in the sample to avoid some of the contaminants that complicate 
the interpretation of bulk analytic techniques, and sample homogeneity may be checked. We 
have developed a microbeam infrared spectroscopic technique for the quantitative measure- 
ment of C-bearing species dissolved in silicate glasses. With the state-of-the-art 
Fourier transform infrared spectrometers, the diameter of the analyzed spot can be as 
small as 10 um. Detection limits depend on glass composition and thickness, but reliable 
analyses at the 1 ppm level are possible in some cases. Not all C-bearing species are 
detectable via infrared (e.g., graphite). This is often advantageous in that contaminants 
will not usually contribute to the infrared spectrum and, even if they do, they absorb at 
wavelengths different from the major dissolved species. However, infrared spectroscopy may 
also fail to detect forms of dissolved carbon that are of interest. Electron microprobe 
techniques have also been used for the qualitative analysis of low-level C in silicate 
glasses,® but quantitative results are difficult to obtain for a variety of reasons, includ- 
ing the rapid attenuation of low-energy x rays and problems with surface contamination.’ 
More significant, sample currents required for the analysis of C result in mobility of sod- 
ium in these silicate glasses. Sodium is present in many geologically relevant glasses in 
relatively high concentrations. Since the mechanism of C dissolution in these glasses may 
be intimately associated with Na,0, ° electron microprobe techniques must be used with cau- 
tion. Even if sodium mobility under the electron beam can be minimized, care must be taken 
to avoid mobilization of the carbon itself. 

In this paper, we describe the use of the **C(d,p,)*°C nuclear reaction for the abso- 
lute measurement of dissolved C in a series of C-rich, synthetic silicate glasses. This 
beam technique avoids most of the problems encountered during analysis of low-level C 
contents by electron microprobe and by bulk analysis. It has been used previous ly for the 
analysis of C in metals,® lunar samples,” minerals,’°*+! and meteorites. Here we demon- 
strate the usefulness of the nuclear technique by the measurement of the C content of a 
variety of synthetic silicate glass standards. 
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Experimental Procedure 


Glasses of four different compositions were synthesized and powdered: NaA1Si,0,, 
NaA1Si,0,, NaA1Si,0,,, and a calcium aluminosilicate glass corresponding to approximately 
CaAlg,gSl2,90g. Adsorbed C was removed from the powders by heating in air at 850 C for 
48 h.' Carefully measured amounts of AgsC.,0, and silicate glass were then loaded into Pt 
capsules, which were subsequently sealed by arc welding. The capsules were run in a 
piston-cylinder apparatus at a variety of temperatures (1400-1625 C) and pressures (15- 
33 kbar) above the liquidus of each composition. ° Upon being heated, Ag,C,0, dissociates 
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to inert Ag and COz that dissolves in the silicate liquid; the resultant melts were then 
quenched to glasses containing known amounts of dissolved C. No bubbles were present in 
the glasses. Due to both diffusion of C through the Pt capsules’? and possible C hetero- 
geneities in the glasses, the absolute C contents at individual points in the glasses are 
estimated to be known within +10%. Glasses containing negligible C, for use as blanks, 
were synthesized at 1580 C under 1 atm of N,. All of the glasses were doubly polished 
using a slurry of Al,0, powder and water, mounted on tantalum holders with superglue, and 
coated with a 150A thick gold or gold-palladium layer. 

The C analyses were performed by means of a collimated, 0.25mm?, 1.4MeV deuteron beam 
from the Caltech EN tandem Van de Graaff accelerator and a 500mm? silicon detector placed 
at an angle of 160° to the beam. Samples were held under vacuum (107 Torr) with sili- 
cone-based diffusion oil and were in close proximity to an LN, coldfinger. The glasses 
luminesced under deuteron bombardment, which facilitated bean: placement. 

The principles of C analysis by nuclear reaction have been discussed previously.® 
Some features merit review. Deuterons impinging on the surface of the sample lose energy 
with increasing depth x as they penetrate the sample. At an energy ultimately determined 
by the cross section of the **C(d,p,)**C reaction, the deuterons no longer react to 
produce 13¢,. Similarly, protons emitted by the reaction lose energy as they leave the 
glass; their ultimate energy as seen by the detector is determined both by the energy of 
the reactive deuteron and the characteristic stopping power (dE/dx) p of the glass as 
expressed by 
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E = E ymax + 0.6(E, - Ea. ) + Ax sec 20 (de 7 dx) 
where E is the maximum proton energy, Ea; is o deuteron energy at the surface, Ey is 
the deut o2an energy at depth x, and 20° is the angle between incoming deuterons and out- 
going protons. The highest energy deuterons (Eqg,) thus react at the surface of the 

glass; these reactions resuit in the highest energy protons (E aed at the detector. The 
energetics of this relationship, shown schematically in Fig. 1, create the opportunity for 
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depth versus concentration profiling by monitoring the number of protons emitted from a 
sample as a function of proton energy. The use of 1.4MeV deuterons, chosen for their 
large cross section, reduces the sensitivity of this method to surface contamination, but 
the spectra are clearly resolvable into a surface and volume component, shown 
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schematically in Fig. 2. The large reaction cross section allows us to reduce irradiation 
times to a mean of 10 min and minimizes radiation damage to the glasses. 

Each glass spectrum was fit as a linear combination of the spectrum of a blank glass of 
the same composition (or Si02 glass) and of calcite (CacO;) from the Hilton deposit, San . 
Diego, Calif., weighted by (dE/dx) .* This fitting allowed calibration of the integrate 
intensity of the volume component versus C content. A spectrum of calcite was obtained 
after every 4 to 6 glass irradiations, to eliminate charge integration problems. We esti- 
mate the absolute accuracy of this method to be +5% total C. 


Results 

Figure 3 shows the proton spectra for an NaA1Si30¢ glass containing 0.19 wt.% dis- 
solved C. The peak due to the *C(d,p,)*°C reaction is noted, as are peaks due to other 
resonant O reactions and Rutherford backscattering edges from the Na, Al, and Si in the 
glass. The increase in intensity of the C peak with increasing dissolved C content is 
shown in Fig. 4. Note that no surface component is visible in these spectra, which were 
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FIG. 3.--Proton spectrum of ABC-53. Reso- FIG. 4.--C reaction peaks for SiO, (Q), 
nant O reaction peaks and Rutherford Silicon (S), and NaAlSi,0, glasses con- 
backscattering edges due to Na, Al, and taining 0.085 (1), 0.049 (2), and 0.19 (3) 
Si are noted. Irradiation time is approx- wt.% dissolved C. 


imately 10 min. 


obtained during 10min runs. During 30min irradiations the surface component increases 
slightly in intensity with time, but no change is observed in the volume component , 
which implies no significant loss of C from the samples and confirms our ability to dis- 
tinguish between these two components. The fit of a spectrum of NaAlSi,0g glass as a 
linear combination of the spectra of CaCO; and SiO, glass is shown in Fig. 5S. 

Table 1 lists the C analysis of each glass accompanied by the amount of C originally 
loaded into each glass; the results are shown graphically in Fig. 6. In view of both the 
+10% uncertainty in loaded C content and the +5% uncertainty in the C analyses, the amount 
of loaded C is adequately reproduced. Analyses of these glasses and natural basaltic 
glasses containing <300 ppm C tend to be inadequate; preliminary work with glasses con- 
taining C at less than these levels has yielded inconsistent results. Our experience 
indicates that four factors are probably responsible: (a) a surface C film on the samples 
was not adequately removed before analysis; (b) these experiments were not performed under 
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FIG. 5.--NaA1Si,0,; + CO, glass spectrum fitted FIG. 6.--Analyzed C vs. loaded C for all 
as linear combination of SiO, and CaCO, glasses analyzed. 
spectra. 


TABLE 1.--Results of C analyses. 
C content (wt.%) 


| | 
Sample Number | Composition | Loaded into capsule? | Analyzed? 

| | 
ANC -9 | CaAl, 57, 9% | 0.033 | 0.034 
ANC -10 | Cah, oSi;. 0. 1 0.17 | 0.15 
ANC-11 | CaAl, gSi, 5, | 0.10 | 0.089 
JDC-111 | NaAtSi, 0. 0.047 0.055 
JDC-112 | NaAlS7, 0, 0.15 | 0.15 
JDC-116 | NaA1Si, 0, | 0.15 | 0.15 
ABC -53 | NaA1S7, 0, | 0.18 | 0.19 
ABC -54 | NaA1S7,0, | 0.10 | 0.085 
ABC -55 | NaA1Si,0, | 0.053 | 0.049 
ABC-58 | NaA1Si, 0, | 0.11 | 0.090 
ABC-62 | NaA1S7, 0, 0.26 | 0.24 
ABC -63 | NaA1S7, 0, | 0.00 | 0.021 
ABC -64 | NaA1Si, 0, G..21 | 0.21 
NC-15 | NaA1Si, 0, 4 | 0.15 | 0.14 
NC~17 | NaA¥Si, 0, | 0.068 | 0.076 
NC-19 | NaAlSi 0 | 0.12 | 0.13 


Sete SLA RIE. EL: MMP ir ete ICT nhs OOPS reat es Oem 


a ; b E 
+10% error assigned; +5% error assigned. 
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ultrahigh (10-° Torr) vacuum, and observable surface contaminant C becomes significant 
relative to dissolved C at low levels of dissolved C, which makes deconvolution of the 
volume component in Fig. 2 quite difficult; (c) the presence of contaminant C in micro- 
cracks in the glass generated during polishing cannot be ruled out; and (d) our run times 
(10 min) were not long enough to eliminate inherent noise in the low-level C 

analyses. All four factors are easily eliminated’ and we are optimistic that this method 
is a useful technique for low-level C analyses in natural glasses. 


Cone lustons 


The ?*C(d,p,)'°C nuclear reaction is a useful, nondestructive beam technique for 
the analysis of C in geologically relevant glasses. The method is unencumbered by many of 
the problems associated with other beam techniques, although more development of the pro- 
cedure is necessary for adequate low-level (<300ppm) C analyses. The use of collimated 
100 pm diameter beam is eventually possible, accompanied by run times of reasonable length. 
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Surface Microanalysis—Auger Electron Spectroscopy 
GRAIN BOUNDARY ANALYSIS TECHNIQUES FOR DUCTILE NICKEL-BASE ALLOYS 


G. S. Was and J. R. Martin 


Several Auger electron spectroscopy studies have been performed on the grain boundary seg- 
regation behavior of impurities in nickel-base and iron-nickel alloys.1~® In many cases, 
investigators report a scatter in the Auger measurements ranging from 5 to 30% of the 
average value. Recently, Briant> found that the variation in the segregation of phosphorus 
and antimony to grain boundaries in iron alloys is within about +30% of the average value, 
but some boundaries had significantly different compositons both above and below the aver- 
age. He considered several factors that could contribute to this variability, among them 
angular variations in the different grain boundary facets with respect to the cylindrical 
mirror analyzer, variations produced by the fracture process, variations that result from 
compositional banding in the matrix, and variations caused by nonequilibrium segregation. 
Another complicating factor is the presence of grain boundary precipitates whose composi- 
tion differs significantly from the bulk. This factor requires a rethinking of the current 
practices used to report grain boundary chemistry. However, analysis of precipitate laden 
grain boudnaries can reveal the nature of the fracture path, and in concert with STEM-EDS, 
the fractional coverage of the grain boundaries by precipitates. 

However, before such measurements can be made, the grain boundaries must be exposed in 
a noncontaminating fashion. Although most iron-base alloys can be fractured intergranu- 
larly by impact loading following a hydrogen precharging operation, the task is consider- 
ably more difficult with austenitic stainless steels and nickel-base alloys. To fracture 
these alloys intergranularly, the sample must be strained at a very slow rate, e.g., 1075 
to 10°*s’*, in addition to having undergone a hydrogen precharging operation. However, the 
straining process must be conducted inside the vacuum chamber of the Auger electron spec- 
trometer to prevent contamination of the newly created fracture surfaces. This paper 
focuses on the techniques used to fracture a ductile alloy in situ and to obtain informa- 
tion on impurity segregation, major alloying element redistribution, location of the frac- 
ture path, and coverage of grain boundaries by precipitates using Auger electron spectros- 
copy (AES) and energy-dispersive x-ray analysis via scanning transmission electron micro- 
scopy (STEM-EDS). 


Matertal 


High-purity heats of a Ni-Cr-Fe alloy were prepared with controlled additions of phos- 
phorus and carbon. Four alloys were made covering all possible combinations of high C, 
low C, high P, and low P (Table 1). The 12mm-diameter ingots were swaged down to 3mm rod 
and solution-annealed at 1100 C for 20 min to resolutionize any carbides that may have re- 
mained from the processing. The annealing recrystallized the alloys and produced a grain 
size of approximately 100 um. The alloys were then subjected to heat treatments of 1, 10, 
or 100 h at 700 C to produce grain boundary carbides in the high-C alloys and grain bound- 
ary phosphorus segregation in the high-P alloys, and are described by the designations 
AFR45-A, -1, -10, etc. 


In Sttu Fracture 


A slow extension rate fracture (SERF) stage’ shown in Figs. 1 and 2 is used to apply a 
tensile load to samples with a gage section 1.5 mm wide, 0.24 mm thick, and 9 mm long. A 
tensile load is applied to the sample by conversion of the rotational motion of a small 
electric motor to translational motion via a set of small ball bearings. Since electric 
motors appropriate for this type of application typically produce a torque of the order of 
0.6 N-m, and the lever arm (distance between the centers of the motor shaft and reduction 
gear) is about 5.0 cm, the maximum force that may be applied to the sample is about 12N. 
Hence, close control of the gage section thickness is required to insure that the net sec- 
tion stress exceeds the ultimate tensile strength of the alloy at the maximum applied load. 


Author Was is with the Department of Nuclear Engineering, University of Michigan, Ann 
Arbor, MI 48109; author Martin is at the MIT Auger Laboratory, Cambridge, MA 02139. 
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TABLE 1.--Experimental alloy bulk composition.* 


Alloy atomic % 
Designation Ni Cr Fe C P 
AFRI2 72.33 18.48 9.19 <.01 <.001 
AFR45 72.19 18.26 9.48 <.01  .071 
AFR46 72.50 18.03 9.31 .107 .065 
AFR91 73.10 18.04 8.74 .124 <.001 


“The Ni concentration is adjusted such that 


nitXcytXpe tXet Xp = 100.0 


X 


FIG. 2.--Slow extension rate fracture 
stage. 


Sample preparation consists of charging 
with hydrogen in a solution of IN H,S0O, + 2.0 
mg NaAsO,/1 of solution at a current density 
of 10 mA/cm?. Charging was conducted at either 
21 C or 85 C for 72 or 24 h, respectively. At 
an extension rate of 107* em/s, typical fail- 
ure times are 3-6 min. Both hydrogen charging 
and slow straining are needed to produce in- 
tergranular fracture. Samples consistently 
yielded fracture surfaces that were better 
than 75% intergranular (Figs. 3 and 4). 


Analysts Techniques 


FTES a Loewe cene on Pape epeeuee Fracture surfaces were analyzed in a Phys- 
stage showing (1) vacuum flange, (2) me- ical Electronics model PHI 590 Scanning Auger 
chanical feed through, (3) crosshead Microprobe (SAM) in a vacuum of better than 

assembly. 5 x 10°" torr. This system is equipped with a 


vibration isolation stage to allow analysis at 
high resolution. Data were collected with a 5kV focused electron beam with a current of 90 
to 110 nA and approximately 1 um in diameter. On each sample, 3 to 5 grain boundary sur- 
faces were selected on which 5 spot analyses were made. Each set of analyses was made on 
individual grain boundary facets to eliminate scatter due to inclusion of transgranular sur- 
faces and also to study the variability between grain boundaries. An Auger survey (0-2000 
eV) was made on one intergranular facet of each alloy heat treatment to insure that no 
other elements were present. 

Data were collected using the Physical Electronics multiple technique analytical com- 
puter system (MACS) in a multiple-point, multiplex-analysis type mode. A five point analy- 
sis was made on each grain boundary measuring P, Cr, Ni, Fe, 0, and C signals each time. 
The total analysis time for each five spot array was 10 min. This time was long enough 
to produce a reasonable signal-to-noise ratio of 20 (for phosphorus), but short enough to 
minimize contamination of in situ fracture surfaces with exposure time. Atomic percentages 
are calculated using standard sensitivity factors and mathematical methods supplied by 
PHI,° specific to the instrumentation involved. In order to avoid ambiguities involved 
when applying this method to alloy systems, only atomic percent ratios are used. A total 
of 300 spot analyses were taken from 60 grain boundaries covering 10 material conditions. 

In the presentation of Auger data, a common technique is to ratio the peak of the 
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FIG. 3.--Fractograph of grain boundary FIG. 4.--Fractograph of grain boundary sur- 
surfaces in AFR46-100. faces in AFR45-A. 


element of interest to that of a major alloying element. This method of data analysis 
circumvents the problem of converting Auger peaks to concentrations and yet can usually be 
used in a relative sense semiquantitatively to identify trends and large variations in 
segregation. The technique breaks down when heavy precipitation occurs at the grain bound- 
ary. Since intergranular fracture often occurs between precipitate and matrix, the con- 
centration of the major alloying element used to normalize the signal may be much differ- 
ent in the matrix from that in the precipitate. In the case of Ni-Cr-Fe alloys used in 
this study, the bulk concentration is approximately 74.5 at% Ni, 16.5 at% Cr, and 9 at% 
Fe. However, STEM-EDS measurements of M,C, carbides on grain boundary surfaces yield a 
composition of 96 at% Cr - 2 at% Ni - 2 at% Fe.* Hence the ratio of x;/xyj will yield 
vastly different results depending on the nature of the substrate. Therefore, the amount 
of P or Cr on the fracture surface is expressed as a ratio of the concentration of P or 

Cr to the sum of the concentrations of Ni + Cr + P. In these alloys, the atom fraction of 
iron on the fracture surface remains relatively constant and small for all heat treatments 
and need not be included in the denominator. Since the iron concentration varies from 2% 
in the carbides to only about 9% on the exposed matrix surface, significant changes are 
not expected. It is the variation in Ni, Cr, and P which is most important. The ratios 
of phosphorus and chromium to chromium + nickel + phosphorus are calculated as follows. 


*p 
Fp ~ Xa Xyqs x (1) 
Cr°“Ni’*P 
x 
Fa i eee Zaha (2) 
ES RG ean ites 
where xX. = atom fraction of element j on the fracture surface, and F; = grain boundary sur- 


face ratio of element j. The standard deviation of each data group is calculated as a 
percentage of the mean value, 
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where o. = normalized standard deviation = standard deviation/mean x 100, F. = mean sur- 
face ratio of element j, and N = number of data points. Describing the standard deviation 
in this way allows intercomparison of the variations in measurements of different elements 
on different alloys and heat treatments. 


Results 


The chromium atom fraction ratios for each material condition for alloys AFR45 and 
AFR46 are shown in Fig. 5. Note the substantial difference between the scatter in these 
two alloys. Data from alloy AFR46 (high P, high C) have average normalized grain boundary 
standard deviations over 5 times as large as those from the high-P, low-C alloy. As the 
thermal treatment time increases, F ~ rises from 0.21 after 1 h to 0.311 after 100 h. 

Data from alloy AFR91 heat treated for 100 h at 700 C are also given in Fig. 5 and agree 
well with the AFR46-100 data. Alloy AFR91 differs from AFR46in that it is a high-C, low- 
P alloy and has no detectable phosphorus at the grain boundary. 

The phosphorus atom fraction ratios for each material condition for alloys AFR45 and 
AFR46 are shown in Fig. 6. Although the presence of grain boundary carbides is respon- 
sible for the large variation in Fc, between AFR45 and AFR46 in Fig. 5; i.e., note that op 
is very similar in magnitude for the two alloys as shown in Fig. 6. 


40 
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36 AFRO! ---Colculated for @ AFR45 
7 FR4 © AFR46 
34 
32 2 
(2/0) O66 preteen wenn nace ncncneneen ated 
a 30 * 
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4 26 ar 
I* 24 |? 
ue 22 ne 04 
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Time at 700°C (hr) pee) 
FIG. 5.--Chromium atom fraction ratio vs FIG. 6.--Phosphorus atom fraction ratio vs 
thermal treatment time at 700 C. thermal treatment time at 700 C. 


The complicated relationships between P, Cr, and Ni on the fracture surface can best be 
described using surface composition diagrams’®’+ as shown in Figs. 7 and 8. In these 
figures, Foy, Fyj, and Fp are plotted on a ternary phase diagram. The shaded region indi- 
cates the space encompassed by the data and the accompanying scatter. Note that for alloy 
AFR45, the error bars on the measured phosphorus (Fp) and chromium (Fcy) levels are small 
for all heat treatments (Fig. 7). The data in Fig. 8 are from the carbon-containing alloy 
AFR46. Here there is a progression toward higher Cr levels with heat treatment, caused by 
the increasing Cr-rich carbide coverage of the fracture surface. The presence of carbides 
also causes a marked increase in the error bars. This method of data presentation in- 
cludes the interrelationships between the main elements present on the fracture surface 
and the variations in their measurements. 


Diseusston 


The effect of carbide precipitation on the measurement of Cr on the fracture surface 
is manifest in an increase in the value of Fc, with thermal treatment time in the high C 
alloy (AFR46) and a significant increase in the scatter in Fcy in alloy AFR46. The in- 
crease in Fc, with thermal treatment time occurs due to lateral precipitate growth and 
hence an increasing coverage of the grain boundary. Since the Cr composition of the pre- 
cipitate is significantly higher than that in the matrix, the value of Fcy increases. The 
carbide coverage is shown in Fig. 3 in which the grain boundary surfaces appear rough 


249 


Pp 
60.40 AFR46 AFRSOI 
Pp {hr o 
60.40 AFR45 1Ohr 4 
Annealed 100 hr 9 * 
{ fr 
{0 hr 
lOO hr 


1.0 e} 1.0 | 16] 
Ni 2 AO .20 .30 40 ¢, NiO 40 20 30 .40 Cr 
Foe Fo, —— 
FIG. 7.--Ternary composition diagram for FIG. 8.~-Ternary composition diagram for Cr, 
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of AFR45. 


as opposed to the smooth intercrystalline facets created by fracture of the low-C alloy 
(Fig. 4). 

The second effect of grain boundary carbide precipitation is an increase in the scatter 
in Fo, when analyses are made in spot mode. An increase in scatter of the measured quantity 
occurs when the analysis area is of the same size as the variation in surface chemistry 
(carbides or matrix). Hence, for carbides approximately 1 um in size (as measured by 
STEM), the analysis area could include carbide and matrix, carbide alone, or matrix alone. 
Since the Cr composition varies so significantly between carbide and matrix, the resulting 
analysis shows a high degree of fluctuation. 

The variability in local Cr content due to the presence of ~lym-sized Cr,C,; carbides is 
shown in the Auger maps given in Fig. 9. The maps show Cr and Ni concentrations on the 
surface of the grain boundary of an AFR46-10 sample. Note that the Cr and Ni maps are 
strongly complementary, which shows that the concentrations trade off spatially, as dis- 
cussed earlier. The spatial variations in the Ni and Cr maps are again on the order of 
l wm in size. All the AFR46 samples show the same type of behavior in Cr and Ni. 

In all cases, the maps of P were of uniform intensity and nearly featureless. In 
addition, the P level does not appear to vary between the intercrystalline sites and the 
carbide-matrix sites. These results strongly suggest the existence of a fairly uniform 
layer of P on the grain boundary with variations arising from many of the same sources de- 
scribed by Briant,* with the addition of C and 0 contamination from the <5 x 107° Torr 
vacuum used in this study. 

From the analyses of the spatial distribution of Cr and P on the fracture surface, it 
can be deduced that fracture occurs along the carbide-matrix interface as opposed to 
through the carbides or some distance (>10 A} into the matrix. Since P is not incorpor- 
ated into the carbides, a fracture path that leads through the carbides would result in 
spatial inhomogeneities in the P maps similar to that found for Cr. That this is not the 
case suggests that the fracture surface must either be along the carbide-matrix interface 
or some distance into the matrix. However, recent measurements by Shinoda’’ on P segrega- 
tion in Fe-Ni-P confirm that the intergranular segregation extent of P is one monolayer 
and at most two monolayers (%~5 R) thick. Hence, any fracture path deeper than 5 or 10 A 
would show little or no P. On this basis we conclude that fracture proceeds along the car- 
bide-matrix interface. 

Given the location of the fracture path, an estimate can be made of the carbide cover- 
age of the grain boundary. If we assume that the fracture path leaves half of the car- 
bides on one half of the sample and the other half on the mate, then Fcy on the exposed 
surface (defined by xc,/(xyy + Xcy)) is given by 
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where XCr is Fc, for the matrix at the 
carbide-matrix interface, 0.98 is Fer 
for the carbide, and C is the fraction 
of the intact grain boundary covered with 
carbides (coverage). Hence, we can ex- 
press the grain boundary surface cover- 
age as a function of Faurface as follows: 


surface i 
© 0.98 — ee ee 
m = Xcr 


Since chromium depletion occurs at 
the carbide-matrix interface, xé, is a 
function of time at 700 C, as measured 
by STEM-EDS, and is given in Table 2. 
Recall that xdy does not vary in the 
plane of the grain boundary or with prox- 
imity to the carbides. Solution of Eq. 
(5S) using data from Table 2 yields grain 
boundary coverages of 30%, 40%, and 46% 
after 1, 10, and 100 h at 700 C, respec- 
tively. 


Conelustons 


Ductile nickel-base alloys can be 
fractured in situ by precharging with 
hydrogen and straining at a rate of 107* 
cm-S~. 

The presence of chromium rich car- 
bide precipitates on grain boundaries of 
Ni-16Cr-9Fe results in a significant 
increase in the measured value of the Cr 
content on the fracture surface. An in- 
crease in the scatter in the measurements 
will occur when the analysis area is of 
the same size as the carbides. The scat- 
ter can be kept to a minimum by ratioing 
the element of interest to a sum of the 
elements appearing both in the matrix 
and in the carbide. 

: The fracture path is predominantly 

. along the carbides or some distance into 

FIG. 9.--Auger maps of (a) Cr, (b) Ni on grain the matrix. 

boundary surface of alloy AFR46-10. The fraction of the intact grain 
boundary surface covered with carbides 

is measured by AES and is found to range from 30% after 1 h at 700C to 46% after 100 h at 

700 C. 


References 
1. C. L. Briant, Acta Metall. 31: 257-266, 1983. 


2. R. R. de Avillez and P. R. Rios, Sertpta Metall. 17: 677-680, 1983. 

3. H. Erhart and M. Paju, Sertpta Metall. 17: 171-174, 1983. 

4, K. S. Shin and M. Meshi, Acta Metall. 31: 1559-1566, 1983. 

5. R. A. Mulford, Metall. Trans. 14A: 865-870, 1983. 

6. M. Guttmann, P. Dumoulin, N. Tan-Tai, and P. Fontaine, Corroston 37: 416-425, 1981. 

7. G. S. Was, H. H. Tischner, and J. Martin, J. Vac. Set. & Techn. 1A: 1477-1479, 
1983. 


8. L. E. Davis, N. C. MacDonald, P. W. Palmberg, G. E. Riach, and R. E. Weber, Hand- 
book of Auger Electron Spectroscopy, Eden Prairie, Minn.: Physical Electronic Industries, 
1976, 5. 

251 


SUSCUSSSSISIS SSSR eee ELELEE A See aaa ddd det deeded dey ot oye aR Sy a aes 


TABLE 2 
Time at rN 
700°C (hr) Cr 
J 218 
10 . 269 
100 .32/ 


* Measured by AES 
* 
*“Measured by STEM-EDS 
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RECENT ADVANCES IN SURFACE ANALYSIS USING AUGER AND X-RAY PHOTOELECTRON SPECTROSCOPY 
L. B. Church and G. E. McGuire 


This paper reviews the major changes that have modified surface analysis over the past 4 
years. The perspective of the observations is that of the user rather than the instrument 
manufacturer. Compared to mid-1981, a user of these analysis techniques can now expect to 
learn considerably more about the surface of a sample in a shorter time, even though no 
major scientific breakthroughs have occurred in the basic physics of Auger electron 
spectroscopy (AES) or x-ray photoelectron spectroscopy (XPS or ESCA). 


Multtehannel Detectors 


Perhaps the most significant advance in instrumentation during the past 4 years has 
been the increased utilization of multichannel or position-sensitive detectors for 
electron spectrometers used in XPS. Compared to the former single detector, a multi- 
channel array of detectors permits simultaneous acquisition of data at different energies. 
The net results are higher possible count rates because of increased electron throughput, 
superior energy resolution at the higher count rates, and shorter analysis times for both 
AES and XPS analyses. The multichannel detectors in use at present are usually solid- 
state position-sensitive detectors or an array of channels in a microchannel plate. 


Smaller Areas of Exettatton 


Advances in the technology of electron optics continue to decrease the electron beam 
spot size and hence the effective area of excitation in AES. Current specifications on 
minimum beam spot size are now down to about 350 A. However, a very important recent 
advance in XPS work has been the ability to concentrate the x-ray beam onto areas much 
smaller than was formerly possible.* Current specifications on small-spot-size XPS 
indicate areas of analysis as small as 0.15 mm, compared to 4 years ago when the effective 
area was 5 mm.? Both of these advances have contributed to improving the current status 
of AES and XPS analysis. This relationship is developed in the next sections, in which 
each technique is discussed separately. 


XPS 


Improved spatial resolution of XPS is the most significant change that has occurred in 
surface analysis during the past 4 years. One can achieve the smaller area of analysis 
either by concentrating the x-ray beam or by focusing the emitted electrons from a selected 
area into the energy analyzer. The first approach has been called the microprobe method; 
the latter is referred to as the selected-area method.* 

The microprobe approach begins by focusing electrons on an anode. The x-ray flux is 
then focused and made monochromatic by a bent crystal. The x-ray flux that reaches the 
sample area is reduced by the low solid angle of collection on the crystal and the coeffi- 
cient of reflection off the crystal, which results in a significantly reduced electron 
count rate unless the multichannel detector array is used. 

At the present time, one can obtain an image map of the surface of the sample only by 
mechanically moving the sample. However, it is anticipated that scanning XPS, capable of 
producing both elemental and oxidation maps, will be available in the near future.* 

The selected-area method bathes a large area of the sample with x rays. A muiti- 
element electrostatic lens focuses the electrons from a small area onto the entrance of the 
electron analyzer. The result of using only a small fraction of the total available signal 
requires high-efficiency electron throughput to the detector, which is usually accomplished 
with the multichannel detectors and simultaneous counting of the signal. The results of 
the selected-area method are quite comparable to the microproble method. °® 


The authors are with Tektronix, Inc., Box 500, DS 50-289, Beaverton, OR 97077. 
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The major gains in AES have not been as dramatic as in XPS. As might be expected, 
commercial instruments strive to achieve the smallest area of electron beam excitation. 
By use of magnetic rather than electrostatic electron lenses, the minimum beam spot area 
has dropped by a factor of about 4 over the past 4 years. To compensate for the reduced 
numbers of emitted electrons when using the smaller spot size, it has been necessary to 
improve the efficiency of the electron energy analyzer. 

The high rate of signal acquisition, combined with the ever-increasing rate of signal 
processing, data storage, data messaging, and display, have resulted in increase sample 
throughput in AES work. In fact the emphasis on sample analysis speed and turn-around is 
the hallmark of current AES marketing. 


Conelustons 


The increased inclusion of multiple-channel detectors has changed the capabilities of 
XPS analysis over the past 4 years. These detectors allow for a high efficiency of 
electron detection. The high-efficiency electron analyzers have altered XPS analysis by 
making it possible to analyze much smaller areas, either by limiting the area from which 
the electrons are analyzed or by concentrating the x rays onto a limited area. In AES 
analysis, the successful diminution of beam spot size and increased beam current density 
has resulted in faster sample throughput, which is important for jobs that require long 
periods of instrument time, such as depth profiling and elemental mapping. 
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13 
Microbeam Analysis Techniques in the Study of Lunar, 
Meteorite, and Cosmic Dust Samples 
MICROBEAM TECHNIQUES IN THE STUDY OF LUNAR ROCKS 


Arden L. Albee 


In January 1970 a unique gathering occurred. More than 500 scientists from nine countries 
gathered at Houston to present the first scientific results from the samples that three 
men had brought back from the surface of the Moon. The variety and sophistication of the 
techniques used in the study of these samples drew upon the expertise gained during the 
previous 25 years in the study of meteorites and of terrestrial petrology and mineralogy. 
The NASA sample investigator contract provided that no investigator was to divulge infor- 
mation prior to this gathering and that each investigator would submit his written report 
upon arrival at the conference. 

As a result the 30 January 1970 issue of Setence constituted a "blind test"! of analy- 
tical techniques, since all of these studies were concentrated on a small set of samples, 
and so allowed ready comparison of the precision of the techniques. This comparison 
"validated" many of the emerging instrumental techniques for an audience of scientists that 
bridged many of the usual barriers among disciplines and scientific interest groups. Hence, 
this validation had an immediate and very wide distribution among a very vigorous group of 
scientists from many fields and from many institutions. 

Included in the papers were results from about 30 electronprobe microanalysis labora- 
tories in seven countries. These laboratories used different instruments and different 
correction schemes, but the close similarity of the results announced a new era in petrol- 
ogy and led to an immediate acceptance of electron probe analysis. For the first time 
each petrologist could have direct access to the chemical data that were required to test 
ideas that had developed over many years. This access has dramatically changed both the 
science and the teaching of petrology. 


Attrtbutes of Electron Probe Analysts for Petrology 


The use and widespread availability of electron microprobe analyses has had an impact 
on various facets of petrology. The important attributes or capabilities of electron 
probe analyses for petrology can be categorized as follows: 


(1) accurate and low-cost analysis for major elements in silicates; 
(2) accurate analysis for major elements in opaque minerals; 

(3) analysis of lum spots in polished thin sections; ' 

(4) analysis for minor elements in major minerals; 

(5) analysis of rare minerais witu major amounts ot rare elements. 


The lunar sample studies provide good illustrations of how these attributes have 
changed or have made possible a variety of studies on mineralogy, the partition of ele- 
ments between phases, zoning in minerals, elemental mass balance between the minerals in 
rocks, experimental equilibria, diffusion couples, etc. This paper makes no attempt to 
summarize the results of electron probe studies on the lunar samples, since several excel- 
lent and detailed reviews already exist.!~* 


Aceurate and Low-cost Analysts of Stlicate Minerals. It is easy to overlook the 
importance of this attribute since it is not really related to the use of an electron 
microbeam. However, the ready availability of accurate analyses by means of the electron 
microprobe has, in itself, probably had the largest impact on petrology. Previously an 
analysis of a mineral from a rock required the painstaking separation and purification of 
1-2 g of the mineral and a substantial wait before an analyst provided a "wet analysis" of 
dubious but indeterminable quality. Many published papers consisted essentially of a 
single such analysis, which would be highlighted as Table 1. A major field within petrol- 
ogy was the use of optical and simple x-ray properties to estimate the chemical composi- 
tion of important rock-forming minerals such as the pyroxenes. Arbitrary classifications 
and names were formulated that were compatible with the precision of such estimates. Now 


petrologic papers, due to the current widespread use of the electron microprobe, simply 


The author is at the Division of Geological and Planetary Sciences, California Insti- 
tute of Technology, Pasadena, CA 91125. 


255 


state the composition of a mineral in the text, usually in terms of a detailed formula, 
and the arbitrary classifications are falling into disuse. Teaching the use of optical 
and x-ray properties to determine chemical composition, once a major part of petrology 
courses, is now greatly de-emphasized. 

The typical electron probe analysis is also more accurate than the typical "wet chem- 
ical analysis" and, by its very nature, the user-analyst has at least some idea of the 
precision and can determine the completeness of the analysis. Since the lunar samples 
contain no ferric iron and no OH, the accuracy and precision of the microprobe analyses 
could be played against the stoichiometry of the silicate phases. Studies of this sort 
demonstrated the occurrence of trivalent Ti and divalent Cr in the lunar pyroxene and of 
vacancies in the plagioclase. 


Accurate Analysts of Major Elements in Opaque Minerals. In the past petrologists made 
extensive use of optical properties in transmitted light to study the silicate minerals, 
but the opaque minerals were studied mostly by a relatively few specialists using polished 
sections and special microscopes. Accurate analyses of opaque minerals were rare and 
mostly incomplete. By contrast electronprobe analysis was not only accurate, but a ''com- 
plete" analysis could be readily assured by scanning of the entire spectrum. Even the 
initial results from the Apollo 11 samples reported the finding of rare and new opaque 
minerals. Since probe analyses of rocks are best done on polished thin sections, the 
petrologist turned to combined transmitted-reflecting light microscopes and began to study 
the silicate minerals and the opaque minerals on an equal basis. It became clear that the 
opaque minerals presented their own complexities and answers and that the crystallization 
history of both silicate and opaque minerals was intimately comingled. 


Analysis of lum Spots in a Polished Thin Section. The capability to analyze a partic- 
ular very small volume, one that can be selected by microscopic examination, is the 
primary attribute of microbeam analysis. It makes possible precise determination of the 
homogeneity of individual grains, the grain-to-grain differences in composition, syste- 
matic zoning of composition, and of the composition of inclusions. Since each analysis of 
a mineral has stoichiometric constraints, detailed comparison of the composition of adja- 
cent spots can provide tests of the accuracy and precision of the analyses, including 
freedom from inclusions of other material. 

The pyroxenes in many of the lunar basalts are spectacularly zoned. Some display a 
sector zoning related to different growth rates on different faces. The pyroxenes in most 
samples display radial zoning and the pattern differs in different samples depending on 
the cooling rate. Many samples contain augite, orthopyroxene, and pigeonite; each of these 
pyroxene phases display systematic zoning. Complex exsolution textures are displayed in 
the pyroxenes of the highlands rocks and electron microprobe analyses have been used to 
gain an understanding of the subsolidus cooling history. 


Minor Elements tn Major Minerals. During the earlier part of the lunar studies the 
petrologists tended to be somewhat skeptical of their own analyses of minor elements in 
the major phases. However, several studies have demonstrated the capability to analyze 
minor elements with considerable precision in the major rock-forming minerals. Fe and Mg 
in plagioclase and Ca, Mn, Cr, Ti, and Al in pyroxene occur in abundances of less than 
0.5% by weight. Nevertheless, microprobe analyses have been shown to be precise enough 
so that variation in the abundance of these elements has been used to understand differ- 
ences in oxidation state and in cooling rates during crystallization of the melt. The 
partitioning of Zr between spinel and ilmenite has been calibrated as a function of tem- 
perature and measurements at levels lower than 0.5% have been used to determine the 
subsolidus cooling rates of lunar rocks. 


Analysts of Major Amounts of Rare Elements in Minor Minerals. Many rare elements are 
"incompatible" with the major rock-forming minerals because they have abnormal ionic radii 
or charge relative to their radius. Such elements are concentrated within a rock in very 
minor amounts of certain minerals, many of them quite rare. More than 99% of an element 
may be concentrated as a major element in tiny grains of a phase that makes up less than 

% of the rock. P in the lunar rocks is concentrated in two calcium phosphates, apatite 
and whitlockite. The rare earth element content of each of these phases is typically high 
enough to measure with the electron microprobe, but Y and REE are much more highly concen- 
trated in whitlockite than in apatite. Zr, Nb, U, Th, and Hf, along with Y and REE, are 
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typically concentrated in tiny grains of quite unusual minerals. In several samples it 
has been possible to calculate a "microprobe age" by analyzing the U, Th, and Pb and 
assuming that the Pb in the mineral is totally derived by radioactive decay of U and Th. 


Crystallization of Basaltte Melts. Use of these important capabilities of the electron 
probe has revealed the complexities of the crystallization of the lunar mare basalts. The 
major silicate minerals that crystallize early--pyroxene, olivine, and plagioclase--are 
complex solid solutions and their compositions vary continuously with the temperature of 
equilibrium. However, crystallization with falling temperature proceeds rapidly enough 
so that the earlier crystallized material has no time to re-equilibrate with the sur- 
rounding melt. Instead the mineral becomes zoned, with each successive new layer repre- 
senting equilibrium crystallization at successively lower temperatures. The partition of 
minor elements between crystal and melt is also related to temperature. Detailed study of 
the zoning reveals details of the crystallization history including cooling rate, inter- 
ruptions in cooling rate, differing degrees of equilibration with the melt by the various 
minerals, changes in pressure, indication of the oxidation state, variation in the fugacity 
of volatiles, etc. The major rock-forming minerals have sites in their crystal struc- 
tures that accommodate most of the major elements, but other elements remain in the melt 
until their concentration is high enough to stabilize a phase of their own or until a 
phase crystallizes that can accommodate them. The residual melt concentrates in the inter- 
stices between the crystals of the major minerals and results in small pockets high in 
unusual minerals and rarer elements. Even after the close of melt crystallization solid- 
state equilibration between certain phases, such as sulfides, may occur at the elevated 
subsolidus temperatures as the rock continues to cool. The microprobe makes it possible 
to understand these processes and to understand how each element is accommodated during 
the crystallization process. One does not really understand a rock until one understands 
the distribution of each element in each phase of the rock. The capabilities of the 
electron probe make it possible to determine the concentration of the elements in the 
various phases and the abundance and average composition of the mineral phases can be 
determined by point counting with the electron probe. 


Improvements in Eleetronprobe Microanalysts 


The intense competition to obtain significant new results, the financial support pro- 
vided by NASA, and the very nature of the problems faced by the lunar sample scientists 
helped to accelerate improvements in electronprobe analysis. Developments in the follow- 
ing areas can be traced through papers in the proceedings of the annual Lunar Science 
Conferences: 


(1) development of well-characterized and shared standards; 

(2) development of analytical correction techniques for all elements and all types of 
minerals, replacing the use of working curves; 

(3) development of the use of the automated electron probe in an interactive manner 
with on-line data reduction; 

(4) use of energy-dispersive analysis and development of quantitative correction pro- 
cedures for the method; 

(5) procedures for the analysis of very small particles; 

(6) procedures of defocused-beam analysis for the analysis of particulate material; 

(7) procedures for point-count techniques using the automated probe to identify the 
phases, their abundance, and their average composition in thin sections of particulate 
material; 

(8) techniques for using the microprobe to analyze diffusion profiles. 


Cone Lustons 


The interaction between electron probe microanalysis and the lunar sample studies was 
mutually beneficial. The lunar samples could not have been characterized so completely 
without the electron probe and the results of the analyses of the lunar samples proved 
that the electron probe was a necessary and reliable instrument for petrologic and 
geochemical studies. 
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ANALYTICAL ELECTRON MICROSCOPY AND MICROBEAM ANALYSIS OF METALLIC PHASES 
IN EXTRATERRESTRIAL MATERIALS 


J. I. Goldstein, D. B. Williams, and K. B. Reuter 


Metallic phases are present in most meteoritic and lunar samples. An understanding of the 
structure and composition of the metallic phases can lead to determination of the thermal 
history of the extraterrestrial material. This paper discusses the use of various 
electron-optical techniques, namely electron probe microanalysis (EPMA}, transmission 
electron microscopy (TEM), and analytical electron microscopy (AEM), to determine 

the structure and composition of these metallic phases. The discussion will consist of 
two parts: high-temperature and low-temperature phase transformations. The high- 
temperature transformations occur above v 500 C and the resultant structures can be 
observed optically and the phase compositions measured with EPMA. The low-temperature 
transformations occur below ~ 500 C. The resultant structures can be observed and the 
phase compositions measured with AEM. We emphasize low-temperature transformations 
because of current interest and the number of unexplained transformations that remain 
under study. 


High-temperature Phase Transformations 


The metallic phases of meteorites and lunar samples are mainly iron and nickel (5 to 
60 wt%) with small amounts of cobalt, phosphorus, sulfur, and carbon. The iron meteorites 
developed a characteristic Widmannstdtten microstructure during slow cooling, over tens of 
thousands of years, in their parent bodies. Figure 1 shows Widmannstutten plates of low 
Ni ferrite, a (bcc), which precipitated in the high Ni austenite matrix, y (fcc), during 
cooling of the meteorite. Almost all iron meteorite samples were single-crystal y before 
the Widmannstdtten pattern formed (< 800 C). The a phase is often termed 'kamacite' and 
the y phase is termed 'taenite' in the meteorite literature. In the retained taenite (y) 
regions in between the kamacite (a) plates, further transformations occur (the darker 
regions in Fig. 1). The term 'plessite' is often used to describe these transformed 
regions and usually refers to a fine scale mixture of « and y of varying compositions. 
This meteoritic terminology will be used interchangeably with the metallurgical terms o 
and y. 

An EPMA trace for Ni taken at right angles to the a growth front is illustrated in 
Fig. 2 for the Grant meteorite. Such a Ni profile with major Ni gradients in the y is 
characteristic of all iron meteorites and shows that the meteorite is not in total equil- 
ibrium at its final growth temperature. The observed diffusion profiles may be explained 
by the nucleation and diffusion-controlled growth of ferrite, a, when homogeneous parent 
y is slowly cooled into the two-phase a + y region of the Fe-Ni equilibrium diagram? 

(Fig. 3). As the meteorite cools to about 500 C, the Ni content of the a and y phases 
increases and the amount of a increases as the amount of y decreases. Since the rate of 
diffusion of Ni at any temperature is about 100x faster in bcc a than in fcc y, Ni gradi- 
ents in a are much flatter than the gradients in y, as was shown in Fig. 2. Assuming that 
at any stage of growth, local equilibrium is maintained at the o/y interface, one can 
understand how these Ni gradients developed. From the phase diagram of Fig. 3 and con- 
sidering a typical bulk composition of ~ 10% Ni, it is clear that Ni will be rejected by 
the growing ao and pass into the residual y. Because of the slow rates of diffusion, the 
Ni gradient builds up in the y near the a/y interface as the temperature decreases. 
Although iron meteorites cooled over a period of tens of thousands of years, total 
equilibrium was not achieved. 

Figure 4 shows an optical micrograph of the y phase near an a/y boundary in the Edmon- 
ton meteorite. The y varies from 15 to 50 wt% Ni along the M-shaped composition profile 
(Fig. 2). Region K is the a (kamacite) phase adjacent to the a/y interface. By using a 
combination of optical microscopy and the EPMA, one can show that region CTI (clear taenite 
I) is single phase y, > 40 wt% Ni; region CZ is a dark etching region termed the 'cloudy 


The authors are at Lehigh University (Department of Metallurgy and Materials Engi- 
neering), Bethlehem, PA 18015. The support of NASA Grant NAG 9-45 is gratefully 
acknowledged. 
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FIG. 2.--Ni concentration gradient across 
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FIG. 1.--Optical micrograph of Widmann- ichown: as Aereli cfecet. 


stutten pattern in Dayton meteorite. Light 
regions are kamacite (a). Dark regions are 
retained taenite (y)}, also known as 
plessite. 
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FIG, 3.--Fe-Ni equilibrium phase diagram FIG. 4.--OQptical micrograph of retained 
experimentally determined down to 300 C. taenite (y) near a/y boundary in Edmonton 


M. refers to martensite start temperature." meteorite. Region K is kamacite (a), region 
CTI is clear taenite I, region CZ is cloudy 
zone, region CT2 is clear taenite II and 
region M is martensite. 


zone! with submicroscopic structure and a bulk composition range of 30 to 40 wt% Ni, 
region CT2 (clear taenite II) is 25-30 wt% Ni, and region M has a martensitic structure 
and a composition range of 15-25 wt% Ni. In the latter region, the y has cooled below the 
M, curve (Fig. 3) and transformed to martensite (a,). In some meteorites where Ni con- 
tents < 15 wt% Ni have formed in the central region of the M-shaped profile, a micro- 
Widmannst&tten structure is also observed. Massalski* has discussed the mechamisms for 
the formation of these various plessite structures. Since these structures are generally 
formed below 500 C, we shall discuss the origin of these regions in the second part of the 
paper. 

Assuming that equilibrium at the a/y interface is maintained during cooling, one can 
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use the measured Ni content of y at the interface to determine the lowest temperature of 
cooling. For example in Grant, Fig. 2, the maximum Ni content in y at the a/y interface is 
~ 38 wt% Ni and according to the phase diagram, Fig. 3, the lowest cooling temperature is 
approximately 450 C. As discussed in the next section the EPMA has limited resolution for 
measuring boundary compositions where a chemical gradient is present within 1 um of the 
boundary interface. In the case of Grant, the boundary Ni content is much higher and the 
lowest cooling temperature is actually below 300 C. 

In reheated metallic phases of meteorites and lunar samples, however, measurements of 
the composition of a and y have led to the determination of final equilibration tempera- 
tures. Metallic a + y specimens have been studied in Apollo 14 and 16 soils.*? Equili- 
bration temperatures of ~ 550-700 C were deduced from the a and y interface compositions 
and the appropriate phase diagrams. Figure 5 shows a Ni concentration gradient measured 
across a y (taenite) phase in Apollo 16 particle F5- 16.* In addition to obtaining a final 
cooling temperature from a/y equilibrium, researchers have also used the presence of phos- 
phide (FeNi),;P in the metal to determine phosphide, « and y equilibration temperatures 
using the Fe-Ni-P phase diagram.°’® 

Computer simulation models’~° of the growth of 
a during cooling have been developed. The major 
unknown in such models is the cooling rate of the 
parent body. Calculations of cooling rates have 
yielded values of 1-100 C/10° years.+°°14 Recent 
experimental work by Narayan and Goldstein’? has 
shown, that a can be grown in slow-cooled FeNi alloys 
only if P is present, and the rate of growth is 
faster than that predicted by previous computer simu- 
lation models. A re-examination of the Fe-Ni-P 
diffusivities yielded much larger values than pre- 
viously used. Calculations for various iron meteor- 
ites using the newly measured diffusivities yield 
cooling rates of 1-100 C/104 years, two orders of 
magnitude faster than rates from previous models. 


WT. % Ni 


The Low-temperature Phase Transformations 


Below ~ 500 C the transformations in Fe-Ni mete- 
orites occur on a scale of < ~ 1 um and so are 
beneath the resolution limit of a typical optical 
microscope and the EPMA. Therefore, both micro- 

3 ~ 20 30 structure and microchemistry are only accessible 
through higher resolution TEM and AEM techniques. 

The conventional Fe-Ni or Fe-Ni-P phase diagram 
below 500 C shows the same regions as the higher 
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FIG. 5.~-Ni concentration gradient temperature diagram (Fig. 3); namely, a, a + y 
across taenite (y) phase in lunar regions, and y regions, and the Ms line. The pre- 
particle F5-16 by EPMA.* diction of Agreli** that the ar + y) solvus line 


was retrograde was demonstrated experimentally by 
Romig and Goldstein” using x-ray microanalysis in thin foil samples in the AEM. The 
samples were quenched into the martensite region, then reheated at 300-500 C, which caused 
the transformation to a + y. Therefore the resultant diagram down to 300 C is not perti- 
nent to all transformations in slow-cooled meteorites except to indicate that the equili- 
brium phases from martensite decomposition are a mixture of a + y. 

A comparison of the resolution improvement in using AEM is shown in Fig. 6, which shows 
details of the composition profile across the a/y interface in the Carlton meteorite by (a) 
AEM and (b) EPMA.** With AEM the apparent interface concentration is higher, the change 
in concentration is more discrete, and there is evidence for compositional variations in 
region 2 (the cloudy zone). We shall now discuss the submicron structure and chemistry of 
each of the regions in Fig. 4 using the detailed information available from the TEM and 
AEM. 

It has been demonstrated in the past few years that clear taenite I, the first zone 
observed next to the a-kamacite phase (Fig. 4), is ordered FeNi (y'). 15° Scott and 
Clarke?® observed optical anisotropy in over 40 meteorites in all meteorite groups, and 
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concluded that the entire clear taenite I zone was ordered FeNi. However, optical micros- 
copy cannot spatially resolve the exact extent of the ordered domains or observe details 
of the interface between domains. With the increased resolution and structural informa- 
tion available in the TEM, Mehta et al.+’ observed individual domains and antiphase 
boundaries in the Estherville meteorite. 

Ordered FeNi, also known as tetrataenite, has the LI, superstructure with the ordered 
planes in one of three <002> orthogonal directions (i.e., three variants of y' exist). 
When clear taenite I is tilted close to a <11l1>, orientation the three variants diffract 
simultaneously. Each superlattice reflection can be imaged by centered dark-field (CDF) 
techniques. By overlaying the images of each variant, the ordered domains can be seen 
to fill the clear taenite I zone (Fig. 7). Microanalysis across this same zone shows a 
decrease in Ni content from 52 wt% Ni at the a/y interface to 45 wt% Ni at the cloudy 
zone interface.*® 

Also observed throughout the clear taenite I zone are antiphase boundaries (APBs). 
APBs are planar defects which correspond to regions of local disorder. They appear as 
dark, wavy lines (Fig. 7). As the Ni content decreases away from the stoichiometric 50/50 
composition one should observe more APBs and/or some disordered regions. Under equili- 
brium conditions one also expects the largest domains to be in the highest Ni region next 
to the kamacite (since this region will start to order first during cooling), decreasing 
in size as the cloudy zone is approached. From Fig. 7 it is clear that there is indeed a 
domain size trend through the clear taenite I; the largest domains are near the o/y inter- 
face and the smallest near the cloudy zone. Thus, the decrease in the degree of order 
across clear taenite I, as dictated by the Ni content decrease, is manifest in the micro- 
structure through an increase in the number of APBs. The ordered domain size has been 
reported to range from 15 to 650 nm.*°??° 

The zone adjacent to clear taenite I is the cloudy zone, so named because of its 
appearance in the optical microscope after etching (CZ in Fig. 4). Its bulk composition 
is % 30-40 wt% Ni. TEM imaging first performed by Scott”? revealed that the cloudy zone 
consisted of two phases forming a honeycomb structure (Fig. 8). The identity of these two 
phases, however, is still not clear. Scott** first proposed single crystals of a inter- 
penetrating single crystals of y. Lin et al.** supported this proposal with convergent- 
beam electron diffraction (CBED) patterns from ~ 20 individual cells in the Cariton 
meteorite. Albertsen and coworkers, *°?73 on the other hand, reported y-taenite and y'- 
ordered FeNi as the two constituents of the cloudy zone in a number of IIIA, IIIC, IIID, 
and IA meteorites. Recently, the cloudy zone of Estherville has been examined by 
microanalysis and microdiffraction from the same area.'°??* The globular phase (bright 
in Fig. 8) was identified as ordered FeNi containing ~ 50 wt% Ni. The honeycomb (dark 
phase) contained ~ 16 wt% Ni. According to the phase diagram in Fig. 3, 16 wt% Ni at an 
equilibrating temperature of v 200 C is martensite, a,. Therefore, the cloudy zone in 
Estherville was concluded to be y'-FeNi and a,-martensite. This discrepancy in the 
nature of the cloudy zone remains to be resolved. What is also obvious in Fig. 8 is the 
decrease in the dimensions of both the phases in the honeycomb structure as the Ni compo- 
sition decreases towards the clear taenite II region. This result is consistent with the 
AEM and EPMA data (Fig. 6) but not consistent with proposals that the cloudy zone arises 
through spinodal decomposition.*° If spinodal decomposition occurred the spinodal wave- 
length would be a minimum in the middle of the required miscibility gap, and a maximum at 
either extreme.”° This effect is not observed in any microstructure of the cloudy zone. 

Clear taenite II, the zone next to the cloudy zone (Figs. 4 and 8) is generally 
thought to be fcc y containing ~ 25 to 30 wt% Ni.*? No detailed structural or chemical 
investigations have been performed. It remains a mystery how y of this composition can 
remain untransformed when Ni-richer and Ni-poorer regions on either side have transformed 
to two-phase mixtures, unless an eutectoid reaction is postulated.*® 

Martensite is the next zone (M in Fig. 4) and it contains » 15 to 25 wt% Ni. TEM 
imaging has revealed the presence of both lath and lenticular martensite in the same 
mateorite.*” Lenticular martensite forms at higher Ni contents consistent with its 
presence near the clear taenite II interface. The decomposition of martensite occurs by 
the transformation a, > a + y (termed Type III plessite by Massalski#). Fine y rods 
~ 20-30 nm wide are found in an a matrix with either a Kurdjumov-Sachs or Nishiyama- 
Wasserman orientation relationship (Fig. 9}. The identification of a and y was confirmed 
by AEM microanalysis.'* The highest Ni content of y rods was 42 wt% and the lowest Ni 
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FIG. 6.--Ni concentration gradient across kamacite 
(a)/taenite (y) interface in Carlton meteorite by 
(a) AEM and (b) EPMA. Circles below plotted data 
indicate x-ray spatial resolution of each tech- 
nique. K refers to kamacite (a), 1 to clear 
taenite I, 2 to cloudy zone, 3 to clear taenite If. 


FIG. 7.--TEM micrograph of clear taenite I showing 3 variants of 
ordered phase in Dayton meteorite. 
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FIG. 8.--TEM micrograph showing structure across o/y inter- 
face in Tazewell meteorite. Cloudy zone (CZ) is 2-phase 
honeycomb structure bordered by clear taenite I (CT1) on 
one side and clear taenite II (CT2) on the other. 


FIG. 9.--TEM micrograph of decomposed martensite in Carlton 
meteorite. Small, dark rods are y; lighter colored matrix 
is a. 


content ina 9.8 wt%. (This is higher than typical a concentrations because of a strong 
Ni x-ray signal from the surrounding Ni-rich y.) As shown in Fig. 3, a, forms between 
350 and 100 C for Ni contents between 15 and 25 wt% Ni. The subsequent decomposition of 
high Ni martensite (25 wt% Ni) occurs below v 100 C. The small y size is consistent with 
exsolution at low temperatures and slow cooling rates.*? 

Finally, in the interior region of plessite in the < 15 wt% Ni region, a coarse 
duplex a + y mixture is observed. Rods of y, 30-200 nm in width, are found in an a matrix 
with a Kurdjumov-Sachs orientation relationship. This duplex structure is nothing more 
than a coarser version of the fine scale decomposition discussed above (Fig. 9).+* The y 
rods are larger than those observed in the decomposed martensite, consistent with a 
higher M, (350 C) giving increased diffusion of Ni in the martensite after it forms. AEM 
microanalysis was also carried out on the coarse o and y phases.'* The Ni concentration 
of the y was always above 20 wt% Ni; the highest was ~ 43 wt% Ni.?*% The Ni content in 
the a was measured more accurately at 3 wt% Ni because the coarse nature of the duplex 
a + y permits microanalysis without interference from the surrounding matrix. The low Ni 
concentration indicates that the a/y equilibrium was maintained to temperatures of 
< 200 C. Because the y rods in the duplex region have different crystal orientations from 
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the parent y, it can be deduced that this duplex a + y must also have arisen from Type III 
plessite, According to the behavior of the higher Ni plessite regions, it would be 
expected that those y rods might also be ordered (i.e., y'). No evidence for this has 
been found, although no one has looked for the evidence since Lin et al.'s original 
studies.?* 

In addition to the detailed work on iron meteorites similar studies of submicron metal 
particles in lunar materials have also been carried out.*” The metal particles were a-Fe 
and Fe-Ni, of meteoritic origin containing 17 to 57 wt% Ni. 


Problems to Be Solved 


The high-temperature phase transformations are well understood. Major problems remain 
with the low-temperature transformations. In particular, (a) determination of the con- 
stituents of the cloudy zone, (b) understanding the role of clear taenite II, and (c) the 
development of a phase diagram that successfully describes the observed phases and their 
composition have yet to be achieved. 
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ORIGINS OF Ca-, Al-RICH INCLUSIONS IN THE ALLENDE METEORITE 


Lawrence Grossman 


The Allende meteorite and other Type 3 carbonaceous chondrites contain abundant, large in- 
clusions that contain such Ca-, Al-, Ti-rich minerals as melilite [Ca, (Al,Mg) (Si,A1),0,], 
spinel (MgAl1,0,), perovskite (CaTiO,), and hibonite (CaAl,,0,9). Because these phases are 
predicted by equilibrium thermodynamic calculations to be among the first to condense from 
a cooling gas of solar composition, these inclusions are thought by many workers to have 
formed in the solar nebula by very high temperature vapor-condensed phase reactions prior to 
planet formation.’ The electron microprobe and scanning electron microscope have played a 
prominent role in the elucidation of the origin of these objects. Some examples are the 
subject of this brief report. 

One group of these inclusions, the Type B's, are centimeter-sized, near-spherical, com- 
pact objects whose primary phase assemblages are rich in spinel, melilite, anorthite 
(CaAl,Si,0,), and fassaite, a Ca-~, Mg-clinopyroxene rich in Ti and Al. In some of these in- 
clusions, elongated crystals of melilite terminate at and project inward from the inclusion 
rim, which suggests that they nucleated on the rim and grew inward. The fact that the other 
ends of the shortest melilite crystals abut against and terminate at the sides of neighbor- 
ing longer crystals implies that they interfered with one another during growth. From these 
observations, MacPherson and Grossman” argued that these inclusions did not form by aggrega- 
tion of separate grains that condensed independently in space. Melilite is a solid solution 
between gehlenite, Ge (Ca,A1,Si0,), and &kermanite, Ak (Ca,MgSi,0,)}. When all but the most 
magnesian melilite crystallizes from silicate melts at high temperature, it is relatively 
Ge-rich. With falling temperature, it exchanges with the liquid and becomes progressively 
more Ak-rich. In support of their interpretation, MacPherson and Grossman* used the elec- 
tron microprobe to show that the elongated melilite crystals become progressively enriched 
in Ak along their lengths away from the inclusion margin, which implies that they nucleated 
there and grew inward with falling temperature. This observation, together with the compact 
texture and spherical shapes of these inclusions, is entirely consistent with crystalliza- 
tion of free-floating liquid droplets in response to radiative cooling from their outer 
surfaces. 

That Type B inclusions were once molten was further indicated by the work of Stolper 
et al.* who used thermodynamic data to compute the temperature dependence of the equilibrium 
constant for the reaction of diopside (CaMgSi,0,) with Ge to form Ak and CaAl,SiO,, where 
diopside and CaAl,Si0, are known components in the fassaitic pyroxene of Type B inclusions. 
They also analyzed adjacent melilite and fassaite crystals, melilite crystals enclosed by 
fassaite, and fassaite enclosed by melilite. When the compositions of adjacent spots in 
these coexisting phases in all three textural settings were compared with the above calcula- 
tions, equilibration temperatures of 1100-1400 C were indicated for four Type B inclusions. 
These temperatures are above the solidus temperatures, 1100-1200 C, for these compositions, 
which implies that pyroxene and melilite last equilibrated their compositions with one an- 
other when the inclusions were in a partially molten state. Most of these temperatures are 
also in excess of 1175 C, the temperature at which solid assenblages of these compositions 
are predicted to condense from the solar nebula at 10° atm total pressure. Because this is 
generally regarded as an upper limit to the pressure in those parts of the cloud that gave 
rise to meteoritic material, 1175 C would be the upper limit to the condensation temperature 
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of pyroxene-bearing, solid assemblages. This is further evidence that these inclu- 

sions did not form by direct condensation of solids from the nebular gas. Nor could they 
have formed by solidification of liquid droplets that condensed metastably instead of sol- 
ids, as advocated by Blander and Fuchs." Rather, the inclusions must be solidification pro- 
ducts of melts formed by re-heating of condensed material. 

When a liquid of Type B composition is cooled, the crystallization sequence is spinel, 
melilite, anorthite, and fassaite at equilibrium and the melilite becomes progressively 
more &k-rich. MacPherson et al.*° showed experimentally that cooling rates of 0.5-20 C/h 
cause suppression of anorthite precipitation, leading to crystallization of fassaite before 
anorthite. The onset of fassaite solidification without simultaneous anorthite precipita- 
tion causes the Al/Mg ratio of the melt to rise sharply and, with continued cooling, the 
crystallizing melilite grows richer in Ge, the opposite of the equilbrium situation. When an- 
orthite finally does appear, the Al/Mg ratio of the liquid falls and the co-crystallizing 
melilite becomes more Ak-rich with falling temperature again. MacPherson et al.° showed 
that restricted portions of many melilite crystals in Type B inclusions are reversely zoned; 
i.e., they become more Ge-rich with increasing distance from the centers of the crystals be- 
fore returning to the normal situation, increasing Ak with distance, in the outermost reach- 
es of the same crystals. The innermost edges of the reversely zoned portions usually coin- 
cide with the innermost edges of zones of the melilite crystals that contain many tiny fas- 
saite inclusions. The reverse zoning of melilite thus seems to begin with the onset of fas- 
saite crystallization, just as would be expected at cooling rates between 0.5 and 20 C/h. 
Such cooling rates are orders of magnitude slower than expected from radiative cooling of 
droplets of this size and composition in the nebular gas. Instead, it is likely that the 
droplets had the same temperature and cooled at the same rate as their surrounding gas. 
Since the cooling time of the solar nebula is thought to be of the order of 10% years, how- 
ever, these inclusions were probably inside small hot regions that may have existed within 
the larger and cooler nebular cloud and that cooled more rapidly than the nebula as a whole. 

Another group of Ca-, Al-rich inclusions in Allende have a primary phase assemblage 
consisting only of melilite, spinel, perovskite, and hibonite. They are up to 2-3 cm in 
size and have highly irregular shapes and nodular structures. Because these so-called 
"fluffy" Type A inclusions are so porous, fine-grained secondary alteration products, formed 
by relatively low-temperature reactions between the primary phase assemblages of the inclu- 
sions and the nebular gas, are far more abundant than in the much more compact Type B's. 
Their highly irregular, nonspherical shapes argue against their having been totally molten. 
Furthermore, Beckett and Grossman® showed that when melts having the compositions of fluffy 
Type A inclusions are cooled at equilibrium, anorthite, a phase not found in these inclu- 
sions, crystallizes; but hibonite, which is found, does not. An important clue to the ori- 
gin of these objects is the presence of reversely zoned melilite. Recall that co- 
crystallization of a phase with a high Mg/Al ratio like fassaite is responsible for this 
effect in Type B inclusions, but neither fassaite nor any other such phase is present _in 
fluffy Type A inclusions. Condensation calculations shown by MacPherson and Grossman’ pre- 
dict that when solid melilite condenses from a gas of solar composition, it is pure Ge at 
high temperature and becomes more Ak-rich as the temperature falls at all total pressures 
considered. With decreasing total pressure, however, the temperature of appearance of meli- 
lite decreases as does the temperature at which any particular Ak content becomes stable. 
Thus, melilite crystals whose rims are more Ge-rich than their cores would be expected dur- 
ing condensation from the solar nebular gas if the crystals continued to grow during periods 
of declining pressure, whether or not the temperature was also falling. MacPherson and 
Grossman’ pointed out that a melilite grain observed to be zoned in composition from a core 
of Ak 22 to a rim of Ak 8 could have formed by initial condensation at ~ 1458 K and 10°° atm 
total pressure, followed by continued growth either during a drop in pressure to ~ 7 x 107+ 
atm at constant temperature or during a drop in pressure to ~ 4 x 10°* atm accompanied by a 
temperature decrease of 20°, for example. If, on the other hand, Mg were preferentially 
volatilized relative to Al during growth of melilite from liquids of this composition, re- 
verse zoning might have been produced but so also would resorption of spinel, for which 
there is no petrographic evidence. Thus, fluffy Type A inclusions probably contain grains 
that condensed as solids directly from the solar nebular gas. 
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ELECTRON MICROBEAM ANALYSIS OF COSMIC DUST 
D. E. Brownlee 


Most of the information on meteoritic materials has come from the analysis of conventional 
meteorites, centimeter and larger bodies that entered the atmosphere and were found on 
the surface of the Earth. During the past decade valuable and complementary information 
has also come from the study of the millimeter and smaller particles that are often re- 
ferred to as cosmic dust. Because the dust particles are small, electron-beam techniques 
have played a crucial role in their analysis. Most of the particles are too small for 
detailed study by optical microscopy and even basic classification must be done by EM 
techniques. The microprobe, SEM, and TEM/STEM techniques are extensively used in the 
study of these particles. 

The small particles are important to extraterrestrial material research because the 
most friable and perhaps most common materials in space can only survive hypervelocity entry 
into the Earth's atmosphere in the form of small objects.* The peak ram pressure on sub- 
millimeter meteoroids decelerating in the atmosphere is orders of magnitude smaller than 
that which must be survived by the larger objects that become conventional meteorites. 
This strength-selection effect partly explains why conventional meteorites are all rather 
strong solid rocks, whereas some of the collected dust particles are exceedingly porous 
and fragile. Fragile materials are of particular interest because debris from comets is 
known to be weak. Observation of the disintegration of cometary meteoroids at the top of 
the atmosphere indicates that many cometary particles have strengths of 107° dyne cm~? or 
less. Comets are well-preserved relics of the early solar system and laboratory analysis 
of cometary materials should provide fundamental insights into the processes and environ- 
ments that existed at the time and location where comets formed. 

Extraterrestrial dust of both cometary and asteroidal origin is accreted by the Earth 
at a rate of 300 gs”+, with the bulk of the mass being in the 0.1-1.0mm size range. Most 
particles are debris from comets and asteroids and they survive as free particles for only 
10 000 years following liberation from their parent bodies. The flux of 10 and 100 um 
particles is l m ?day"* and 1 m2year™*, respectively. Most of the particles smaller than 
50 um do not melt during atmospheric entry and are called micrometeorites. Micrometeo- 
rites of 10 um size are found in the stratosphere at a density of 10-5 m * and they are 
routinely collected with impactors mounted on U-2 aircraft.? Particles larger than 100 um 
usually melt during atmospheric entry and are too rare to be collected in the atmosphere. 
These meteor ablation spheres or "cosmic spheres"! are recovered from deep-sea sediments 
and Greenland ice. 
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Meteor Ablation Spheres 


2 The recovered meteor ablation spherules range in size up to 2 mm, although the typical 
: samples used for EM studies are only a few hundred microns in size.* Most of the spheres 
totally melted in the atmosphere, but a few percent of the particles contain some relic 
mineral grains that survived atmospheric heating without chemical alteration. The most 
common relic grains are forsterite and enstatite, and high-sensitivity microprobe analysis 
has shown that the minor element abundances (Cr, Mn, Al, Ti, and Ni) in the forsterite 
grains are uniquely different from those in most terrestrial and extraterrestrial oli- 
vines, but fairly closely match the composition of a subset of C2 carbonaceous chondrite 
meteorites.’ Many of the relic grains contain micron blobs of FeNi alloy. When relic 
sulfides are found they generally contain the moderate Ni contents that are typical of 
sulfides in unequilibrated meteorites. 

The totally melted and recrystallized spheres are found as two basic types, stony and 
"‘iron."' The stony spheres are composed of micron-sized grains of olivine and magnetite 
embedded in glass. The Fe content of the olivine is close to chondritic and is higher 
than that in the relic grains. The iron spheres are composed primarily of magnetite and 
wustite but they often contain a core of FeNi alloy or a single micron-sized nugget of Pt 
group metals. The Pt nuggets are produced by concentration during oxidation of a molten 
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droplet of meteoritic metal.° Many stony spheres have been analyzed by broad-beam micro- 
probe analysis to determine the elemental composition of the original unmelted materials. 
The analyses were done on polished sections of sphere cores that contained pristine glass 
an indicator that shows that the material was not chemically altered by chemical weather- 
ing. The abundances of Si, Mg, Al, Ca, Ti, Fe, and Mn in 300 analyzed spheres indicate 
that at least 85% of the spheres are compositionally related to Cl or C2 meteorites and 
distinct from other meteorite classes. Their compositions are chondritic and quite dis- 
tinct from terrestrial materials. The elements Cr, S, Na, and Ni were analyzed but they 
are generally depleted from chondritic abundances by varying degrees due either to vapor- 
ization or loss of a siderophile-rich phase during atmospheric entry. There is strong 
evidence that the metal that formed the iron spheres separated from the stony spheres 
during the entry process. At least some of the metal was formed by in situ reduction. 

The study of meteor ablation spheres has provided unique information on the nature of 
the millimeter meteoroids that constitute the bulk of the extraterrestrial material fall- 
ing to Earth in a typical year. Although the particles are severely altered by atmos- 
pheric entry, it is clear that the most common precursor materials are related in elemen- 
tal composition and forsterite minor element composition to the most carbon and volatile- 
rich meteorites. It is ironic that this match is made with refractory-element abundances 
because the volatile elements are lost during atmospheric heating. The best match is with 
C2 meteorites, although this does not mean that the spheres are actually produced by ac- 
tual C2 meteorites, but rather, that they are produced by primitive materials with C2 
elemental composition. 


Stratospheric Micrometeorttes 


The typical micrometeorite available for study is only 10 tm in size, but these small 
particles are extremely important because they were not strongly heated during atmospheric 
entry. Although it has not been proven, it is likely that the micrometeorites are small 
samples of the larger particles that produce the cosmic spheres. The discovery of cosmic- 
ray tracks in micrometeorites proves that some particles were not heated to the track 
annealing temperature of 600 c.® The tracks are randomly oriented linear defects that 
were originally found in these samples by dark-field TEM imaging. The densities range 
beyond 5 x 101° cm™?, Ideally, particles selected for detailed analysis should be re- 
stricted to track-rich particles because those without tracks may have been strongly 
heated. Unfortunately, tracks were only recently found in micrometeorites, and at any 
rate testing for tracks is fairly involved because it requires mounting at least a small 
fraction of a particle on a TEM grid. 

The collected particles have diverse properties, which implies that they may have come 
from a significant number of parent bodies. A common property of a majority of the 
samples is that they have a chondritic elemental composition for the elements abundant 
enough to be analyzed by EDX. Many particles have been quantitatively analyzed by use of 
the particle ZAF reduction program of Armstrong and Buseck,’ and abundance histograms cen- 
ter on chondritic (solar) compositions with a typical spread of a factor of two. The dis- 
persion in composition is larger than in the cosmic spheres, probably because the spheres 
are much larger and represent a better sampling of the bulk composition of the parent 
material, The micrometeorite compositions are actually more chondritic than comparably 
sized volumes of meteorites. No mineral has chondritic elemental composition and the 
particles must be very fine-grained to match this composition for a large number of ele- 
ments. Many of the particles that do not feature chondritic composition are single- 
mineral grains (usually olivine, pyroxene, or pyrrohite) that have fine-grained chondritic 
material adhering to their surfaces. These single-mineral grains were originally embedded 
in chondritic material. 

Most of the chondritic particles are aggregates of grains ranging in size from < 10 nm 
to > 1 um, but there is diversity among particles in both the structure and mineralogy of 
the aggregates. Two distinct types are porous aggregates composed of anhydrous minerals, 
and relatively nonporous particles containing hydrated silicates. The particles are rou- 
tinely studied in the SEM, but because they are so fine-grained, in-depth investigation 
requires TEM/STEM analysis of carefully crushed grains mounted on TEM films. Morphology 
is obtained by secondary, backscattered, and transmission imaging; and structure is deter- 
mined by selected area and convergent-beam diffraction, as well as lattice-fringe imaging. 
Composition is determined by EDX and EELs. 
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The hydrated micrometeorites are the particles that can be most closely associated 
with a particular meteorite type. In general, they are similar to Cl and C2 meteorites and 
in some cases they probably came from the same parent bodies as these meteorites. The Cl 
and C2 meteorites had a warm, damp period early intheir histories that produced significant 
alteration by aqueous processes and may have produced most of the layer lattice silicates 
in the samples. The carbonates and distinctive magnetite grains in the dust particles are 
consistent with such an origin. In detail, however, the layer silicates in some of the hy- 
drated particles that have been studied are uniquely different from those found in Cl and 
C2 meteorites. These reported differences include smectite and kaolinite. 

A totally unique finding in a hydrated particle is the discovery by Tomeoka and Buseck 
of low-Ni pentlandite (Fe,S,).° Pentlandite is fairly common in carbonaceous chondrites 
but it has never been found in meteorites or natural terrestrial samples in its low-Ni 
form. Low-Ni pentlandite has been synthesized by vapor deposition at temperatures below 
200 C. 

The micrometeorites that most closely resemble structural models for weak cometary 
materials are the chondritic porous aggregates, or CPAs. The CPAs are the most porous and 
fragile meteoritic materials. They are loose aggregates of rounded submicron grains that 
are weakly attached to form a porous ''cluster-of-grapes" structure that can have a poros- 
ity in excess of 50%. The individual submicron grains have widely differing compositions 
and they obviously did not form in equilibrium with each other. Some of the individual 
grains are single minerals, usually silicates or sulfides, but many of the "grains" are 
themselves microaggregates of 10-100nmcrystalline grains embedded in a carbonaceous matrix. 
Analysis of these fine-grained heterogeneous particles is avery challenging problem even in 
a modern analytical TEM. The CPAs have elemental compositions like carbonaceous chondrites 
but their anhydrous mineralogy and porous morphology are distinct from all other extrater- 
restrial materials. There is a strong likelihood that the CPAs are comet dust. It is con- 
ceivable that hydrous alteration of CPA material in a warm, damp parent body could produce 
the hydrous micrometeorites or the Cl and C2 meteorites.® 

TEM evidence indicates that two minor phases in CPAs are preserved vapor-phase products. 
One is epsilon FeNi carbide*°™* and the other is enstatite with distinctive whisker morph- 
ology.**+ The carbide has been produced synthetically by catalytic Fischer-Tropsch reac- 
tions of CO on grain surfaces, but it has previously never been seen in natural systems. 
Fischer-Tropsch reactions have long been proposed by Anders to be an important mode of for- 
mation of carbon compounds in meteorites. The enstatite whiskers are found as small rods, 
plates, and ribbons embedded in the CPAs. Some of the whiskers have axial screw disloca- 
tions and are perfect natural analogs to synthetic whiskers formed in the laboratory by 
direct vapor to solid growth. 


Cone lustons 


Electron-beam techniques have provided a wealth of detailed information about the 
smallest meteoritic materials. Two decades ago meaningful study of these particles would 
not have been possible because of the lack of SEM/EDX and analytical and high-resolution 
EM capabilities. Research has relied heavily on EM techniques because this is often the 
only approach for extracting data from the particles at the size range where most of the 
information is contained. Because each extraterrestrial particle is really an individual 
meteorite, each with its own unique history,?* any non-EM analysis such as mass spectros- 
copy must be preceded by a fairly detailed EM study, otherwise the fundamental character of 
the sample could not be known. As a result, many of the investigations currently under way 
involve quite an extensive set of analytical procedures, all done on all or part of a 
single 10um-sized particle. These other analytical techniques include PIXIE, neutron acti- 
vation, XRF, IR, and Raman spectroscopy, and solid source, rare-gas, and ion-probe (SIMS) 
Mass spectroscopy. In addition to providing valuable information about extraterrestrial 
particles, these investigations are developing techniques for extracting detailed informa- 
tion from unique particles © that must be studied individually. 
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PIG, 1.--Ten-micron-long chondritic porous aggregate micrometeorite. 


272 


5 
3 
3 
3 
3 
3 
a 


J. T. Armstrong, Ed., Microbeam Analysis—1985 
Copyright © 1985 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


ISOTOPIC ANALYSES OF EXTRATERRESTRIAL MATERIALS WITH THE ION MICROPROBE 


J. T. Armstrong and I. D. Hutcheon 


The ion microprobe has enabled detailed, in situ isotopic studies of microvolumes of mater- 
ial in extraterrestrial samples such as meteorites and cosmic dust. These data, correlated 
with petrographic studies of the same specimens utilizing electron microbeam analysis, have 
helped to identify the oldest preserved material from our solar system and elucidate some 
of the complicated chemical and isotopic processes that occurred during early solar system 
history involving formation of the first solid phases. 

Coincident with the return of the first lunar samples and first investigations of the 
immensely important, newly fallen Allende and Murchison meteorites were the installations 
of the first generation of commercial ion microprobe mass analyzers. It was not surprising 
that these instruments were soon applied to the study of lunar and meteoritic materials. 
The early results of these studies were promising; however, widespread use of the ion 
microprobe for the precise isotopic and chemical analyses necessary in such applications 
required extensive instrumental and analytical improvements. Some of the instrument manu- 
facturers and several laboratories have concentrated on making such improvements, a second 
generation of high mass and spatial resolution ion microprobes with high ion transmission 
efficiency have been developed, and for the last 6-8 years the ion microprobe has been 
shown to be an important tool in the characterization of extraterrestrial materials. 
Indeed, of the four active ion microprobe laboratories situated in university geoscience 
departments in the United States, three have dedicated most of their research efforts to 
the study of meteorite and cosmic-dust samples. 

The ability of the ion microprobe to perform in situ analyses of microvolumes of mater- 
ial for light elements and trace elements has made it an important complementary technique 
to electron microbeam analysis. However, it is the ability of the ion microprobe to per- 
form relatively high-precision, in situ isotopic analyses of microvolumes of material 
(20 = 0.1% in favorable cases), a capability so far unique to this microbeam technique, 
that has resulted in the widest range of applications in the study of meteorite and cosmic- 
dust samples. 

Although ion microprobe isotopic analysis typically has not as good a precision as 
is obtained by thermal ionization mass spectrometry following chemical separation and con- 
centration from bulk samples, its in situ microanalytical abilities make it an extremely 
valuable adjunct to conventional mass spectrometric determinations. The ability to perform 
in situ analyses in polished sections enables correlation of isotopic information with the 
textural and chemical information obtained on the same spots by electron microscopy and 
microbeam analysis, and thus permits correlation of isotopic systematics with the observed 
petrography of the samples, determination of isotopic variations across zoned crystals and 
across grain boundaries, and determination of isotopic microheterogeneities both laterally 
(with spatial resolution of ~ 1 um) and in depth (with resolution of » 100 A). Such infor- 
mation typically cannot be obtained from conventional mass spectrometric analysis. Furth- 
ermore, with ion microprobe analysis one can avoid areas containing included phases or 
alteration, which permits analysis of precisely the pure phase intended. Even when the 
most sophisticated microsurgery techniques are utilized (e.g., Refs. 1 and 2), it is diffi- 
cult to achieve with conventional mass spectrometry the extremely low levels of contamina- 
tion routinely obtained in careful ion microprobe analysis. 

This paper reviews some of the significant recent scientific results obtained on mete- 
orite and cosmic-dust samples by isotopic and chemical analysis with the ion microprobe. 

It is by no means an exhaustive review of the literature, which is growing at an increas- 
ingly accelerating pace. There have been reviews of applications of ion microprobe analy- 
sis of geological materials that include reviews of the early work on extraterrestrial 
materials (e.g., Refs. 3 and 4). A comprehensive bibliography of SIMS and ion microprobe 
analysis including applications to extraterrestrial materials has appeared previously in 
these volumes. 


The authors are at the California Institute of Technology, Division of Geological and 
Planetary Sciences, Pasadena, CA 91125. This work was supported by funds from the National 
Aeronautics and Space Administration through grant NAG 9-43. [Division contribution 
#4218(515).] 
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Al-Mg Isotopte Systematies 


Carbonaceous chondrite meteorites such as the Allende and Murchison falls of 1969 con- 
tain rounded whitish inclusions from < 1 mm to > 1 cm in diameter that are largely composed 
of phases rich in calcium and aluminum. A number of the minerals present in these Ca-, Al- 
rich inclusions (CAI) are the same as those predicted from equilibrium thermodynamic calcu- 
lations to be among the first solid phases to have initially condensed from the cooling 
solar nebula (e.g., Refs. 7 and 8). Since these inclusions are contained in matrices that 
are thought never to have been heated to any significant degree, some CAI may have remained 
unaltered since their formation some 4.5 billion years ago and contain, locked up within 
them, information regarding the chemical processes and isotopic compositions of the early 
solar nebula. Mass spectrometric studies of mineral separates (of mass varying from micro- 
grams to milligrams) from these inclusions revealed large isotopic anomalies in the isoto- 
pic composition of elements such as oxygen and magnesium, isotopic compositions that had 
not been found in any other meteorite samples nor in any natural terrestrial material 
(e.g., Refs. 9 and 10). These results dispelled the widely held notion that the early 
solar system was isotopically homogeneous; a variety of nuclear and fractionation mechan- 
isms have been proposed to explain these anomalies, including injection of debris from 
neighboring supernova events into the early solar system, mixing of large amounts of inter- 
stellar dust, an early T-Tauri phase of our sun producing huge energetic neutron fluxes 
that induced nuclear reactions, etc. 

Among the most studied of these isotopic anomalies is an excess of *°Mg observed in a 
number of Al-rich, Mg-poor phases in CAI. In many instances 26ug appears to be correlated 
with Al/Mg so that measurements of 7°Mg/*"Mg vs *’A1/**Mg for the various mineral phases 
in an inclusion fall on linear arrays (e.g., Fig. 1). Such *°Mg excesses (*°Mg*) have been 
interpreted as due to the in situ decay of the short-lived isotope 7°Al (t1 = 7.2 x 10° y) 
that was incorporated with normal Al at the time that CAI were formed, which implies that 
28a1 was produced in one or more nucleosynthetic events occurring near the solar nebula 
less than a few million years before CAI formation.’°’*+ From the slopes of a number of 
these linear arrays measured in different inclusions it was estimated that, for at least 
a reasonable subset of CAI, approximately 50 ppm of the Al originally incorporated in the 
inclusions was live *°Al--a surprisingly large amount for influx of short-lived radioactive 
material from an extra-solar component and a concentration that would provide a major heat 
source for early solar system processes.*?*1?1? 

The early studies of Al-Mg systematics in CAI were performed by thermal ionization mass 
spectrometry; however, increasingly, recent studies of these systematics are performed 
with the ion microprobe (e.g., Refs. 13 and 14). Use of the ion microprobe permits analy- 
sis of phases in CAI too small or too rare to concentrate for conventional measurements. 

It also enables analysis of isotopic variations within individual crystals and avoidance of 
Mg-rich alteration areas. As a result, Mg isotopic measurements have been made of areas of 
much higher Al/Mg and much greater *®Mg~ than had been possible with thermal ionization 
mass spectrometry. For example, a recent ion microprobe study of a phase in a Ca-, Al-rich 
clast from the Dhajala meteorite with *’Al/*"*Mg of ~ 16 000 yielded an almost 100% *°Mg™ 
(7°Mg/**Mg = 0.275 compared to the terrestrial value of 0.1398).+° Furthermore, the much 
shorter sample preparation and analysis times possible with the ion microprobe have enabled 
collection of more than an order of magnitude more data than obtained with conventional 
mass spectrometry. 

Ion microprobe studies have demonstrated that Al-Mg systematics in CAI are very compli- 
cated and do not correspond to a simple model of in situ decay of 26a1, at a constant ini- 
tial concentration relative to 7’Al in CAIl, without subsequent alteration. The complica- 
tions, as outlined below, include (1) the absence of very low level of 26Mg* in some Al- 
rich, Mg-poor phases in CAI thought to have been the very first to have condensed, (2) the 
variability in 26vig™ /27A1 in a given phase from CAI to CAI (even when the inclusions are 
petrographically similar), and (3) the occasional variability in 26Mo™ /27A1 in a given 
phase within an individual CAI. 

Thermodynamic calculations predict that corundum (Al,0;) would be the first major ele- 
ment phase to condense from the solar nebula.’ This mineral occurs but rarely in CAI 
(much too rare to concentrate for conventional mass spectrometry),. but has been identified 
and isotopically analyzed in two inclusions.?°*+? Despite the corundum having extremely 
high Al/Mg ratios (> 20 000), either no *°Mg* or very low levels of *°Mg* (7°Mg*/?7Al << 
1 x 107°) were measured. 
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The second most refractory major-element phase found in CAI is hibonite (CaAl120is). 
This mineral occurs in CAI much more commonly than corundum, but is still relatively rare 
and very fine grained. A number of ion microprobe studies have been performed on this 
phase, with variable results (e.g., Refs. 13 and 15-19). In some CAI, the *°Mg /*7Al for 
hibonite is 5 x 1075,+®°1° but in other CAI hibonites have *°Mg"/?7Al < 1 x 107° or no 
detectable 26M" at al1.7°"1” Ina few inclusions, low levels of 26y5* ate sledsured in 
hibonite, but the amounts of the excess are not correlated with the Al/Mg.? 

The *°mg*/27Al may be different in hibonites from CAI of similar eed For 
example, the two CAI studied to date containing hibonite/corundum assemblages have hibo- 
nites with considerably different levels of 26Mp™ . Even in CAI with hibonites having 
26Me*/*7Al of 5S x 107°, other primary, Al-rich, Mg-poor phases may be depleted in 26g* ; 
For example, we have recently studied the Mg isotopic systematics of two similar hibonite- 
containing CAI from the Leoville meteorite.*? In one, the minerals hibonite and melilite 
(CazA1z,8}0;-Ca,MgSi,07) have 26ug*/*7Al of 5 x 107 5 and coexisting anorthite (CaA1,$i,09) 
has 7°mMg /*7Al of 3 x 107° In the other, hibonite has 20Me fo AI 5 0") « 

The mineral in CAI most studied for 26g" , both with conventional mass spectrometry and 
with the ion microprobe, is anorthite (CaAl1,Si,0,). It is abundant in many CAI and is 
sometimes relatiyely poate grained. Analyses of this mineral provided the original deter- 
mination of 26Mg™ due to 7°Al decay. Subsequent ion microprobe studies, though confirming 
that often all anorthites | of varying Mg contents from individual CAI lie on a linear array 
with 26Mo™ /*7Al = 5 x 10°°, demonstrate that in numerous other cases their systematics are 
much more complicated (e.g., Refs. 13, 14, 20, 21). 

Comparative studies of CAI combining electron beam microanalysis with ion microprobe 
determinations have suggested that one particular petrographic type of CAI (type B1) is 
likely to have normal Mg isotopic systematics for plagioclase, and other types are likely 
to have smaller 7°Mg’.2*!* In some of the latter cases, 26yo* /*7A1 for plagioclase 
has not a unique value but sometimes scatters over a fairly wide range. It is surpris- 
ing that some of the inclusions showing noncorrelated variations appear from their texture 
originally to have been totally molten, which should have homogenized the original 
2€a1/*7al1 throughout the inclusion. In these inclusions, variation in 26Mp™ /*7Al can be 
readily explained only by variable alteration after decay of some or all of the original 

Al. 

Even some of the CAI of the petrographic type that show the least signs of disturbance 
of Mg isotopic systematics can have complicated *eme™ in their anorthite. Recently, we 
have undertaken a series of detailed petrographic and isotopic studies of WA, a coarse- 
grained type Bl CAI from Allende which exhibits some of the largest *°Mg thus far 
reported. 220s21 Mg isotopic analyses of the various phases in WA by thermal ionization 
mass spectrometry provided the first experimental evidence that 7°Mg in CAI correspond to 
a simple isochron consistent with formation from in situ decay of live 7°Al originally 
present at a level of *°al/*7A1 = 5 x 107°,277% 

The ion microprobe reexamination of WA shows that the Mg isotopic systematics are not 
nearly as straightforward as indicated by the original determinations. The interiors of 
about half of the anorthite crystals studied with the ion microprobe (with 2791/7*Mg 
ranging from 170 to 780) had ?°Mg™ corresponding to 7°Mg§/?7Al = 5 x 107* (Fig. 1). (The 
Mg isotopic compositions of spinel, fassaite, and melilite from WA also lie on this array.) 
However, the interiors of the other half of the anorthite crystals do not fall on this 
array. Instead, a plot of *°Mg/**Mg vs *’Al1/*"Mg for these crystals (with 77A1/7"*Mg 
ranging from 60 to 1300) generally fall on a straight line with a Slope corresponding to 
26vg™ /*7Al = 3.1 x 107° and.an intercept corresponding to an initial *°Mg/?*Mg = 0.1444, 
enriched in *°Mg by 3.3% relative to normal (Fig. 2). A few crystals have interior por- 
tions with 7°Mg’/?7Al lying on each of the arrays. Furthermore, the rims of all of the 
anorthite crystals studied had depleted 26Mg™ /*’Al relative to the interior (Fig. 3), 
regardless to which *°Mg /*’Al the interior corresponded or to which phase the anorthite 
was adjacent. 

No one mechanism can be readily invoked to explain all the complicated Mg isotopic var- 
jations uncovered by ion microprobe investigations. In some inclusions, the absence of 

Mg, particularly in phases with very low levels of Mg, could be due to total Mg remobil- 
ization after the complete decay of *®Al. Variations in Mg isotopic systematics across 
individual mineral grains as observed in WA can most easily be explained as due to a secon- 
dary alteration event involving loss of either total Mg or id Mg” from grain boundaries. 

The existence of two sets of Mg isotope linear arrays within the same inclusion, one with a 
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FIG. 1.--Plot of 7’Al1/*"Mg for crystals from Allende CAI WA consistent with isochron origi- 
nally determined by Lee et al.** All spinels, pyroxenes, and melilites but only about half 
of the anorthite crystals analyzed from WA lie on this array. Error bars are +20, and in- 
clude measurement uncertainties in corrections for fractionation and relative ion yields. 
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FIG. 2.--Plot of 2741 /24Mg for anorthite crystals in WA consistent with linear array of 
lesser slope and greater intercept than isochron measured by Lee et al.!! Ion microprobe 
measurements suggest that about half of anorthite crystals in WA fall on this lesser 
sloped array. O17 


WA-MITS 101 
THIN SECTION PLAG. A 


FIG. 3.--Plot of 27A1/24Mg for individual 20M 
anorthite grain from WA. Data from inte- 24 Ng 
rior and exterior portions of crystal lie 

on linear array; outer portion of crystal, 14 
in contact with melilite, is depleted in 

26Mg* and lies below array. Depletion of 

26Me* at edges of anorthite crystals is aL 
common in WA, regardless of neighboring 

phase. 


276 


He 
é 
28 
3 
8 
3 
8 
8 
28 
48 
“3 
a3 
83 
#3 


lesser slope and higher intercept, could be explained by a partial or total reequilibration 
of Mg isotopes in a portion of the crystals occurring after at least partial decay of CORY 
If the two arrays in the inclusion WA correspond to real isochrons, then the results are 
consistent with a secondary event occurring at least 500 000 years after initial formation, 
at which time material with *7A1/*"Mg = 160 became partially or totally isotopically rehom- 
ogenized.*° Indeed, there is some petrographic evidence in the WA inclusion that both 
alteration and rehomogenization may have occurred.*° 

However, Mg isotopic variations observed in a number of studies, such as variation of 
26mg" /27A1 between inclusions that appear petrographically identical and absence of 26Mg™ 
in primary refractory phases that do not appear to be altered, are hard to explain by 
alteration mechanisms. Two possible explanations for such variations are that the various 
crystals comprising the CAI may have formed over a long period of time before mixing and 
aggregation into CAI or, perhaps more likely, that the crystals formed in different regions 
of an isotopically heterogeneous solar nebula before aggregation.+* Either of these mech- 
anisms requires an absence of isotopic equilibration during or after CAI formation--a 
serious problem for inclusions that appear to have been partially or totally molten during 
their formation. Clearly, a total understanding of Mg isotopic systematics in CAI does 
not currently exist. The degree of lack of understanding has been dramatically demon- 
strated by the results of the ion microprobe investigations performed to date. Improving 
the understanding will require continued carefully designed correlated studies involving 
electron and ion microbeam analysis. 


Search for Eucess **K and Other Isotopic Anomalies in CAI 


The existence of 26Mo™ in CAI from decay of *°Al places an upper limit on the timescale 
between injection of fresh nucleosynthetic material and formation of the first solid mater- 
ial in the solar system of % 8 x 10° years, but the lower limit of this interval is poorly 
constrained. The radioactive nuclide *'Ca, which decays to **K with a half life of 110 000 
years, could provide a sensitive indicator of the minimum time interval. Phases exist in 
CAI that are rich in Ca and very poor in K. However, the extremely high ratio of Ca/K re- 
quired to look for *1K™ and the abundant presence of K-rich alteration phases in CAI have 
made it difficult to search for evidence of live **Ca with conventional mass spectrometry. 

We have conducted a series of studies using ion microprobe analysis to determine 
whether there is any evidence of Phe Ga OAM ="*) “hese experiments are very difficult to 
perform because of the extremely low concentrations of K involved, and estimates of the 
maximum possible *1K* have steadily decreased with experience. These studies have involved 
measurement of the isotopic composition of K at the ppb level. Count rates of oe are = 
0.5 cps with 41y*+ < 0.1 cps. The measurement is complicated by the presence of unresolv- 
able interferences of the type “°Ca**Catt at the **K* mass. The relative abundances of 
such interferences are strongly matrix dependent, varying by over an order of magnitude 
depending on the mineral phase.** Correction requires concurrent measurement of extremely 
low-level species such as *°Ca**ca**, The newest data indicate that in the fassaite 
samples in CAI studied for “1K”, 80% of the mass 41 signal is due to the *°Ca*?ca** inter- 
ference. 

After correcting for background and estimated isobaric interferences, the results in 
fassaites from two type Bl CAI show variable excesses of up to 350%. It is as yet unclear 
whether these excesses are linearly correlated with *°Ca/?°K and due to **Ca decay, or 
whether they are due to other interferences such as 26g? o Fett (currently under investiga- 
tion). The data taken as a whole place a strict upper limit of “!K"/*°ca < 8 + 3x 107%. 
This represents an Upper limit of the possible amount of *'Ca present at the time of CAI 
formation. Clearly *'Ca was not nearly as abundant as 7°Al (< 1 ppb vs v5 ppm in these 
CAI}. Given reasonable estimates of the ‘lca production rate in nucleosynthetic processes, 
its near or total absence in CAI requires either that *1K" was lost during subsequent CAI 
metamorphism or that the time interval between *1Ca production and CAI formation was ~ 
2x 10° years, a time fully compatible with that estimated from PPA 

Currently work is under way in a number of laboratories to search for daughter products 
of other short-lived radionuclides to constrain further the time scales involved in early 
solar-system formation (e.g., Refs. 25 and 26). In addition, a number of studies have been 
performed with the ion microprobe to identify isotopic anomalies in CAI not associated with 
decay of specific short-lived radionuclides (e.g., Refs. 14, 17, and 27-30}. These studies 
have indicated that certain small phases contain extremely large anomalies--much larger 
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than measured by conventional mass spectrometry. For example, magnesium in hibonite and 
spinel from a CAI in the Murchison meteorite was found to be mass fractionated from 2.5% to 
35.0% per mass unit,*® and Ti in hibonite from a CAI in the Murray meteorite was found to 
have a 10% excess in °°Ti.*° Such variations provide added weight to the feeling that the 
early solar nebula was isotopically very heterogeneous on a fairly fine scale during CAI 
formation. It is quite possible that ubiquitous, low-level isotopic anomalies observed in 
CAI by conventional mass spectrometry for elements such as Ca and Ti may be due to fine- 
grained isolated phases having much larger anomalies. It is only by the fine-scale meas- 
urements enabled by ion microprobe techniques that the magnitude and frequency of these 
effects can be determined. 


Isotopte Analyses of Fremdlinge: Some of the Oddest and Oldest Matertal in Meteorites 


Among the most exotic and least understood objects found in meteorite CAI are 'Fremd- 
linge" (strangers)--complex aggregates of metal grains, sulfides, phosphates, oxides, and 
silicates that have high concentrations (often several percent or more) of refractory sid- 
erophile elements such as Pt, Ir, Os, Re, and Ru.°! The large compositional variability 
among Fremdlinge and enigmatic nature of individual Fremdlinge, with coexisting refractory- 
rich and volatile-rich, highly reduced and highly oxidized phases, have prevented a clear 
understanding of their origin. Origins as diverse as aggregation of pre-solar material 
from outside of the solar system and alteration of existing CAI have been proposed. We 
have recently undertaken a series of petrographic studies of these objects, which typi- 
cally are 10-30 um and rarely > 100 pm in diameter, in order to help understand how they 
were formed.?*-°* These studies provide strong evidence that Fremdlinge existed as solids 
before solidification of any of the major element phases in CAI (e.g., Fig. 4), which 
would make Fremdlinge the oldest identifiable preserved material found in the solar system. 
These studies have also identified a particularly well-preserved "Ur-Fremdling'" (Fig. 5) 
whose petrography indicates that among the first phases to aggregate to form Fremdlinge 
were low-temperature oxidized minerals along with high-temperature Pt-group metal nug- 
gets.°* These studies suggested complicated mechanisms by which Fremdlinge could have 
formed in the solar nebula; however, just on the basis of petrography, an extrasolar source 
for Fremdlinge could not be ruled out. 

To determine whether Fremdlinge were formed inside or outside of the solar system, we 
have initiated a series of isotopic investigations of these objects using the ion micro- 
probe.°° If Fremdlinge were formed outside of the solar system and contain relic grains 
from an exploding star, large isotopic differences from solar-system materials would be 
expected for a number of elements, particularly for those with high atomic number (or very 
low atomic number). Isotopic measurements of Fremdlinge are complicated by the small grain 
size of the individual phases (typically < 1 to 10 um), complex intergrowth, and isotopic 
interferences encountered. Our studies to date have included high mass and spatial resolu- 
tion determinations of the isotopic compositions of Mg, Ca, Fe, Mo, Ru, and W in selected 
phases from Fremdlinge. Measurement precisions have ranged from 0.1-1% 20, depending on 
the element and grain size. No isotopic anomalies, except for a very small mass-dependent 
fractionation of Mo in one sample, have been observed. The absence of large (percent 
level) isotopic variations, even for the high-Z elements Mo, Ru, and W, strongly suggest 
that Fremdlinge were originated within the solar system. 

With the demonstration that Fremdlinge were formed in our solar system,’ the phase 
assemblages they contain provide a series of thermometers and oxygen partial pressure 
barometers for early solar system processes. °*7## The proposed formation mechanisms for 
Fremdlinge?*~ 3* require that neighboring parcels of the early solar nebula differed 
dramatically in temperature and oxygen partial pressure, and that the nebula was turbulent 
enough to enable intimate mixing of phases formed under considerably different conditions. 
This assumption underscores the complexity of early solar nebula processes. In addition, 
the nature and degree of reaction of phases within Fremdlinge and between Fremdlinge and 
their surrounding CAI host minerals provide strong constraints regarding the maximum tem- 
peratures of formation and minimum cooling rates of CAI.°773* Studies utilizing combined 
electron and ion microbeam analysis are in progress to unravel what these oldest survivors 
can tell us of early solar system formation processes. 


Isotopic Analysts of Interplanetary Dust Particles 


Recently extensive efforts have been made by several laboratories to characterize 
particles collected by high-altitude aircraft from the stratosphere. It is generally 
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FIG. 4.--Backscattered electron 
image of small Fremdlinge (bright 
white areas) associated with spin- 
el (black crystals) and melilite 
(light gray areas) in Allende CAI 
Ts-34. 32 The Fremdlinge are com- 
monly found to be partially en- 
closed in embayed areas in spin- 
el. Since it is unlikely for a 
variety of reasons (discussed in 
Ref. 32) that Fremdlinge formed 
by replacing spinel, this occur- 
rence strongly suggests that 
Fremdlinge were already solids 
during spinel crystallization and 
spinels grew around them. Since 
spinel is first major-element 
phase to have crystallized in this 
type of inclusion, Fremdlinge must 
be oldest solid components of 
these CAI. This spinel/fremdling 
texture is a very common feature 
observed in many CAI. Scale bar 
is 100 um. 


PIG, 5.--Secondary-electron image 
of "Ur-Fremdling" Willy from Al- 
lende CAI 5241.32 FPremdiing is 
composed of fluffy core, surround- 
ed by compact mantle and dense 
rim. Core is composed dominantly 
of V-rich magnetite, Ni-Fe metal 
containing Pt, Fe-sulfide, Os-Ru 
metal nuggets, and schcelite 
(CaWO,). Mantle is composed 
largely of V-tich magnetite and 
Cl-apatite. Rim is composed of 
V-rich fassaite and V-rich spin- 
el. This Fremdling is thought to 
be best-preserved, least-altered 
object of its kind described to 
date and a precursor of the more 
altered Fremdlinge commonly found 
in CAI. 32-34% Scale bar is 10 um. 


believed that a large component of these particles are primitive material of extraterres- 
trial origin. Some of these particles may be cometary debris and may represent a compon- 
ent of dust collected from the interstellar medium. Several laboratories have conducted 
ion microprobe investigations of the isotopic compositions of light elements, such as H 
and C, in individual interplanetary dust particles (IDP) or components of IDP (e.g., 
Refs. 36-38). Spectacular anomalies have been reported. For example, enrichments in 
deuterium as high as 260% relative to terrestrial standards have been reported.°® No 
natural terrestrial materials have anywhere near such enrichments, which indicates that 
these IDP are indeed extraterrestrial. lon microprobe analyses of selected components in 
meteorites (e.g., Refs. 39 and 40) have confirmed bulk mass spectrometric determinations 
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that high deuterium excesses (> 500%) exist in certain meteorites as well. Future ion 
microprobe studies may help determine the nature of the carriers of such light element 
anomalies in JDP and meteorites and whether they are related. 


Summary 


The ion microprobe has enabled isolation of carriers of large isotopic anomalies in 
meteorite and cosmic dust particles. It has shown the degree of variability and complexity 
of Mg isotopic systematics within CAI, and has helped to relate disturbed Mg isotopic sys- 
tematics with observed petrographic features. Jon microprobe measurements have placed 
strict upper limits on the amount of *'Ca present during CAI formation and may help fix the 
minimum time between injection of nucleosynthetic material and condensation of the first 
solid materials. Isotopic analyses of the exotic Fremdlinge indicate that they were formed 
in the solar nebula, which would make them the oldest identifiable preserved objects in the 
solar system. Clearly the ion microprobe, with its in situ analytical abilities and rela- 
tively short sample preparation and analysis times, has shown itself to be an extremely 
important complementary technique to conventional mass spectrometry for the isotopic 
characterization of extraterrestrial materials. 
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MATRICES OF CHONDRITES AS THE RECORDS OF PRE-SOLAR AND EARLY-SOLAR SYSTEM 
Hiroko Nagahara 


Chondrites are one of the most primitive materials in the solar system. Chondrites consist 
of chondrules, Ca- and Al-rich inclusions in carbonaceous chondrites, mineral fragments 
(both silicates and non-silicates), and "lithic-fragments.' The origin of chondrules has 
been long discussed and it has been recently revealed that chondrules were formed from pre- 
existing minerals through incomplete or complete melting. *?? Contrary to intensive studies 
on chondrules, other components have not been well studied. Detailed petrological study 
aided by the scanning electron microscope (SEM) with energy-dispersive spectrometer (EDS) 
on the matrices of primitive chondrites shows that the matrix materials are extremely primi- 
tive keeping the records of processes that took place in the early solar system. Mineral 
assemblages and formation sequence of materials in chondrites of various chemical groups 
reflect the various chemical conditions of the place of chondrite formation of these groups. 


Experimental 


Fine-grained matrices are defined to be silicate, metal, sulfide, and amorphous materi- 
als less than 10 um in size, which occupy the interstitial part of chondrules, inclusions, 
and fragments (Fig. 1). Because of fine grain size, they are black and opaque under trans- 
parent light of microscope and show rough surface under reflected light. Using SEM, we can 
observe the complex aggregation and occurrence of matrix materials. Recent progress in EDS 
techniques makes it possible to provide reliable analytical data that are useful for 
fine-grained materials and unknown phases. The system used in the present study is JEOL T- 
200 SEM equipped with LINK-SYSTEM Si(Li) detector and JEOL JCXA-733 microprobe. 


Type 8 Ordinary Chondrites 


Detailed petrological study on the matrices of Semarkona (subgroup 3.0),° Krymka (3.0), 
Chainpur (3.4), Sharps (3.4), ALH-77015 (3.5), Khohar (3.7), Tieschitz (3.6), ALH-77278 
(3.6), and ALH-77299 (3.7) were given by Nagahara. Major conclusions are as follows: 

(1) Minerals encountered are olivine, low-Ca pyroxene, high-Ca pyroxene, albitic plagio- 
clase, Fe-Ni metal, troilite, magnetite, Mg-Al spinel, and chromite, which are found within 
chondrules. Most primitive Semarkona has fluffy fragments mainly composed of Si, Fe, and Mg 
with small amounts of Al, Ca, and Na which are probably amorphous or mixtures of very fine- 
grained materials (Fig. 2}. (2) The most significant feature is an extremely wide range of 
Olivine composition (Fo99-9 for chondrites investigated) and magnesian nature of pyroxene 
(mostly Mg/(Mg + Fe) ratio, (Mg#) > 0.8). (3) There are often present composite grains 
showing formational sequence (Fig. 3). The sequence estimated is high-Ca px, forsterite, 
enstatite, intermediate ol (Fo50), ferrous ol (Fo < 50), and albite in decreasing order. 
This sequence agrees well with that predicted in the "equilibrium condensation sequence" 
from the gas of solar system composition by thermochemical calculations® suggestive of these 
minerals being condensates and reaction products with the gas at wide temperature range. 

{4) The presence of olivine more ferrous than Fo50 requires the presence of free SiO, or 
high activity of SiO, in the gas. A possible explanation for this is fractional condensa- 
tion probably of Mg and/or Fe to increase SiO, activity in the residual gas at low tempera- 
tures. Another possibility is that the gas/dust fractionation occurred prior to heating of 
the solar nebula where gas and dust originated in an interstellar cloud.® In the latter 
case, original bulk chemical composition was different from that of the solar system, and 
the increase of Si0, activity in the gas was an inevitable result of a different condensa- 
tion path in the restricted area of the nebula. 


The author is at University of Tokyo (Geological Institute), Hongo, Tokyo 113, Japan. 
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FIG. 1.--Tieschitz chondrite. Matrix is exceptionally coarse grained. Minerals, amorphous 
materials, and aggregates of very fine-grained materials occupy interstices of three chond- 
rules (c} with well-developed choundrule rim (r). Scale bar 100 um. 

FIG. 2.--Extremely fine-grained Semarkona matrix. Matrix is mostly fluffy particles that 
are mixtures of several phases. Scale bar 10 um. 

FIG. 3.--Composite grain in Chainpur chondrite. Fo20 olivine (0) surrounds En92 pyroxene 
(p). Scale bar 10 um. 

FIG, 4.--Large olivine grain with lamellae of metallic iron in Yamato-691 E chondrite. Back- 
scattered electron image. Scale bar 500 um. 
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Enstatite Chondrttes 


Enstatite (E) chondrites are known to be an extremely reduced clan of chondrites consis- 
ting of enstatite, SiO, minerals, metallic Fe-Ni, and troilite with subordinate sulfites and 
phosphides. Though most E chondrites are severly heated and equilibrated, only Qingzhen and 
Yamato-691 belong to type 3 and can provide information on precursors and pre-accretionary 
chemical processes in E chondrite environments. SEM observations on matrix minerals and al- 
so chondrule minerals reveal that multistage reduction occurred for the formation of E chon- 
drites. Matrix minerals are low-Ca pyroxene (Mg# 0.99-0.91), olivine (Fo 99-88), albite, 
SiO., Fe-Ni metal, troilite, and Mg-sulfide (niningerite). Matrix pyroxene is richer in FeO 
than chondrule pyroxene (Mgi# 0.99-0.95). Olivine and pyroxene in chondrules contain numer- 
ous reduced metal blebs and often show Mg-enrichment toward margin of grains showing reduc- 
tion during chondrule formation. In addition to matrix FeO-bearing olivine and pyroxene, 
there are exceptionally iron-rich olivine and pyroxene fragments. Large olivine fragments 
with abundant lamellae of metallic iron are found being opaque under transparent light and 
observable only with SEM (Fig. 4). This shows that FeO-bearing pyroxene was reduced before 
incorporation into chondrite. Fe-rich pyroxene fragment always coexist with Si0, which was 
not highly reduced before incorporation into chondrite. These findings show that E chond- 
rites originally contained FeO-bearing silicates, some of which were reduced though some 
were not. Olivine is abundant in these chondrites but scarce or absent in others, and con- 
tents of FeO in olivine and pyroxene in chondrules, matrices, and fragments decrease with the 
progress of equilibration. This change corresponds to the fact that the highly disequilib- 
rium assemblage of type 3 E chondrites, forsterite-enstatite-metallic iron-Si0, -ferrous oli- 
vine and pyroxene, changes into equilibrium assemblage of type 4 or 5 chondrites, enstatite- 
SiO,-metallic iron. On the analogy of 0 chondrites, matrix minerals in E chondrites should 
have been formed through condensation from and reaction with nebular gas. Mineral assem- 
blage of the E chondrite matrix was achieved by neither condensation nor fractional conden- 
sation from the gas of solar system composition. They can be formed under high (> 1.2) C/O 
ratio’ which might be achieved by gas/dust fractionation before formation of solar nebula.°® 


Conelustons 


The results show highly primitive nature of matrix materials and that the matrix miner- 
als in chondrites of different chemical groups were formed at places of different gas/solid 
composition in the solar nebula. There is another possibility that all of matrix materials 
originated in the interstellar materials.® In order to clarify this problem, further inves- 
tigation combined with isotopic measurement of matrix materials is required. 
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PROTON MICROPROBE ANALYSIS OF MASKELYNITE IN THE ZAGAMI METEORITE 


J. H. Jones, T. M. Benjamin, C. M. Maggiore, P. S. Z. Rogers, C. J. Duffy, Mark Hollander, 
and James Conner 


The shergottities are a group of young basaltic meteorites which may be samples of the 
planet Mars.’ Although the shergottites are clearly young ( 1.3 x 10°years), their exact 
ages are the subject of controversy. In particular it is not clear whether the 

1180 x 108 year Rb-Sr and Sm-Nd isochrons of Zagami (one member of the shergottite group) 
represent an igneous or metamorphic age.” If the 180 m.y. event is igneous, the shergot- 
tites are the youngest meteorites yet discovered. 

We have argued previously that the preservation of major, minor, and trace element 
zoning in the major mineral phases of Zagami and other shergottites implies that the 
Rb-Sr and Sm-Nd ages are igneous.° Otherwise, we would expect that the same processes 
which allowed metamorphic isotopic equilibration would have erased the traces of an 
earlier igneous history. 

Here we reiterate our earlier conclusion and present new proton microprobe data for 
Zagami maskelynite. Table 1 shows representative core and rim analyses of a single 
maskelynite grain. Of the eight elements reported, only K, Rb, and Sr are equivocal--all 
others appear strongly zoned. Sr is probably unzoned because the bulk partition coeffi- 
cient of Sr was near unity during the crystallization of the Zagami magma; alkali 
elements such as Na, K, and Rb are known to be zoned from other studies. 

In summary, it appears that Zagami is a very young igneous rock. The ubiquity of 
chemical zoning implies that metamorphism has not reset the Rb-Sr and Sm-Nd systems. The 
recent and complex igneous history of Zagami reinforces the hypothesis that the 
shergottites are martian. 


TABLE 1.--Trace and minor elements in Zagami maskelynite. 


CORE RIM 
K 1860 + 790 3700 + 1400 
Ti 324 +419 534 + 35 
Mn 4624 130+8 

Fe 3812417 7546 + 37 
Zn 6:1 1142 

Ga 3822 60 +4 

Rb 341.5 7+3 

Sr 13447 166 +12 


All Concentrations in ppm 


Author Jones is at the Lunar and Planetary Laboratory of the University of Arizona, 
Tucson, AZ 85721. Authors Benjamin, Maggiore, Rogers, Duffy, and Hollander are in the 
Isotopic and Nuclear Chemistry Division of Los Alamos National Laboratory, Los Alamos, 
NM 87545. Author Conner is at the Department of Physics of the University of 
California at Davis, Davis, CA 95616. 
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PENWELL: UNUSUAL METEORITIC MATERIAL 
Jim Clark, C. B. Moore, and C. F. Lewis 


Penwell, a 543g meteorite, was found in the Spring of 1981 near Penwell, Ector County, 
Texas (31°45'13" N, 102°29'33" W). This location is approximately two miles SE of the 
Odessa Crater, leading immediately to the question of whether or not Penwell is an inclu- 
sion from the Odessa iron meteorite. Although exhibiting the basic texture and charac- 
teristics of a mesosiderite, Penwell is unusual in that it contains a large concentration 
of cliftonitic graphite. 


Sample Desertptton and Analytteal Procedures 


A polished thin section of Penwell was photographed by reflected and transmitted light 
simultaneously (Fig. 1}. The white areas are silicates, the light-gray areas are metal 
phases, and the black areas represent both the graphite and oxides of Fe-Ni. All the 
Silicate grains were identified by qualitative EDS spectra, after which a modal analysis 
consisting of over 16 000 points was performed on the section. The results show the 
surface area to be comprised of 20% silicates and 21% metal phases (kamacite, schreiber- 
site, and very rare taenite); the remaining 59% is divided between graphite and oxidized 
metal in an approximate ratio of 3:2. The silicates consist of 34% clinopyroxene, 16% 
orthopyroxene, 29% olivine, and 20% plagioclase. Various other phases observed in minor 
amounts include chromite, magnetite, sphalerite, and troilite. Numerous grains of SiOz 


FIG. 1.--Thin section of Penwell photographed FIG. 2.--Cliftonite crystals in polarized 
with reflected and transmitted light simul- reflected light. 
taneously. 


Author Clark is with the Department of Chemistry, and authors Moore and Lewis are with 
The Center for Meteorite Studies, Arizona State University, Tempe, AZ 85287. 


287 


FIG. 3.--Backscattered-electron image of FIG. 4.>5-HRTEM image of cliftonite, d-spacing 
cliftonite crystals in various orienta- = 3.66 A. 
tions. 


were observed in the section but are presumed to be an artifact of weathering, as they 
are all located within 0.5 mm of the outer surface. 

Analyses of the major components in Penwell are given in Table 1. At least 15 sepa- 
rate points were averaged for each of the metal phases, and the average of at least 20 
separate grains is given for each of the other minerals. Only the plagioclase, taenite, 
and schreibersite exhibit any significant variation in composition; all other phases are 
basically homogeneous throughout the section. 

All analyses were performed on a Cameca MS-46 electron microprobe using a Tracor- 
Northern TN-2000 energy-dispersive analyzer. The microprobe was operated at 15 keV, with 
a specimen current of 20 nA as measured on Cu metal. A ZAF matrix correction scheme was 
employed for the metal analyses; Bence-Albee was used for all other phases. 


Cliftonite tn Penwell 


Analyses performed with a LECO IR-12 gas chromatographic carbon analyzer show Penwell 
to contain 20.1% carbon by weight. Some of the carbon has the appearance of being ultra- 
fine-grained graphite, but the majority of the carbon is present in the form of clifto- 
nite. Typical cliftonite crystals photographed in polarized reflected light are shown in 
Fig. 2; a JEOL JSM-35 scanning electron microscope was used to produce Fig. 3, a back- 
scattered-electron image that shows several crystals in various orientations. In both 
figures the crystals are situated in a field of kamacite. Discrete cliftonite crystals 
in Penwell are typically 10-200 um. 

A small amount of cliftonite was extracted from Penwell for observation on a JEOL 
100-B transmission electron microscope. Figure 4 shows the cliftonite to have a d-spacing 
of 3.66 A, which is intermediate in the range of spacings exhibited by various forms of 
graphite. 
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TABLE 1.--Electron microprobe analyses of Penwell. 


Olivine Orthopyroxene Clinopyroxene Plagioclase Chromite 
Na20 n.d. == 0.89 9.26 n.d. 
MgO 52.93 34.61 18.05 -~ 9.59 
A1203 n.d. 0,34 0.83 21,06 2.26 
$i02 41.43 57.48 54,20 65.73 0.32 
K20 n.d. n.d. n.d. 0.65 n.d. 
CaO n.d. 1.14 21.48 2.45 0.17 
Tio2 n.d. 0.30 0.67 0.07 0.67 
Cr203 n.d. 0.25 1.16 ned. 66.71 
MnO 0.24 0.31 0,27 0.01 1.68 
Fed 5.17 4.77 1.89 0.15 15.66 
ZnO n.d. n.d. n.d, n.d. 2.40 
Total 99.77 99.20 99.44 99.38 99.46 
Mole % % Fa =5.2 % Fs = 7,0 h% Fs = 3.1 % An = 11.7 
(Range) (4.5 - 5.7) (6.5 = 7.5) (2.7 - 3.6) (7.9 - 14.9) 
Kamacite Taenite Schreibersite 
Fe 92.73 54.94 43.30 
Ni 6.68 44.95 41.40 
P n.d. n.d. 15,00 
Total 99.41 99.89 99.70 
% Ni Range (6.3 - 7.2) (25.9 - 54.1) (31.3 - 52.5) 


n.d. = not determined. 


TABLE 2.--Comparison of Penwell to Odessa silicate inclusions. 


Penwell Odessa2 
Olivine (% Fa) 5.2 3.5 
Orthopyroxene (% Fs) 7.0 625 
Clinopyroxene (% Fs) 3.1 2.7 
Plagioclase (% An) 11.7 9.2 
Kamacite (% Ni) 6.7 4.5 (Inclusions) 
6.3 (Matrix) 


Origin of Penwell 


Brett and Higgins have proposed that cliftonite is formed through the thermal decompo- 
sition of cohenite.* Calculations show that this mechanism requires a kamacite:graphite 
volume ratio of approximately 4:1. The disproportionate abundance of cliftonite in Pen- 
well would indicate that in order for this model to hold, an original kamacite-rich 
portion of the meteorite parent body is required to provide a proper material balance. 

Due to the close proximity of the Penwell find to Odessa Crater, the Odessa iron is the 
most likely candidate for such a parent body. A comparison between various minerals in 
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Penwell and those from Odessa silicate inclusions is given in Table 2. The values from 
Penwell place it in the category of Odessa-type silicate inclusions as classified by 
Bunch et al.,? yet these data are not sufficient to determine unequivocally whether or 


not Powell is an inclusion from the Odessa iron. Further research is needed to resolve 
this problem. 
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MICROBEAM ANALYSES OF STRATOSPHERIC PARTICLES 
I. D. R. Mackinnon, F. J. M. Rietmeijer, D. S. McKay, and M. E. Zolensky 


Collections of solid particles from the Earth's stratosphere by high-flying aircraft have 
been reported since 1965,* with the initial primary objective of understanding the nature 
of the aerosol layer that occurs in the lower stratosphere. With the advent of efficient 
collection procedures? and sophisticated electron- and ion-beam techniques,* the primary 
aim of current stratospheric collections has been to study specific particle types that 
are extraterrestrial in origin and have survived atmospheric entry processes.” The col- 
lection program provided by NASA at Johnson Space Center (JSC) has conducted many flights 
over the past 4 years and retrieved a total of 99 collection surfaces (flags) suitable for 
detailed study. Most of these collections are part of dedicated flights and have occurred 
during volcanically quiescent periods, although solid particles from the El Chich6n 
eruptions have also been collected.* Over 800 individual particles (or representative 
samples from larger aggregates) have been picked from these flags, examined in a prelim- 
inary fashion by SEM and EDS, and cataloged® in a manner suitable for selection and study 
by the wider scientific community. 

The curation and cataloging of all particle types retrieved through the JSC program 
provides a unique opportunity to study not only the more exciting and (for NASA) important 
extraterrestrial particles, but also the natural and anthropogenic fractions of solid 
particles in the stratosphere over various periods of time. A wide range of particles 
have been studied in detail at JSC using electron beam techniques including AEM, SEM/EDS 
EELS, backscattered imaging, and quantitative bulk chemical analysis. Some particles, 
particularly the chondritic porous (CP) aggregates, present a considerable challenge to 
the analyst as they may contain many thousands of individual particles (of unknown 
mineralogy) ranging in size down to less than 15 nm. We present below a few typical 
examples of our studies on both extraterrestrial and terrestrial particles collected from 
the stratosphere. 


Expertmental 


General procedures for sample preparation of CP aggregates for AEM analysis have been 
outlined by Bradley and Brownlee,’ except that a thick carbon film was used in addition 
to a holey carbon film supported by Cu mesh grids. Most aggregates studied at JSC are 
mounted only on holey carbon films supported by Be (150-mesh) grids and washed in situ 
with hexane. Silicone oil is used on the collector plates and is removed from particle 
surfaces by gentle washing with hexane. For all particles, conductive surface coatings 
(e.g., Au, Au/Pd, or C) are not applied in order to minimize the possibility of contam- 
ination during the coating process” or the production of spurious artifacts in SEM 
images.? Unfortunately, for spherical particles, the lack of a conductive surface 
coating increases the likelihood of charge build up and consequent loss of the particle. 
Charge build up is a significant problem for SEM imaging at operating voltages between 
10 and 20 kV. We have found that charge build up on nonconducting particles (e.g., Al,0, 
spheres) can be minimized when higher voltages are used (e.g., 40 kV). 

Most analytical data have been obtained on a JEOL 100CX AEM with a PGT System IV EDS 
and a Gatan EELS attached. The microscope column has been modified to reduce spectral 
contamination of EDS analyses following the procedures of Allard and Blake.*° Additional 
improvements to the reduction of spurious x rays have included the use of a modified 
single tilt, carbon bulk specimen holder suitable for TEM studies. A significant improve- 
ment in the "in hole" count after these modifications can be seen in the EDS spectra 


Authors Rietmeijer, McKay, and Zolensky are with the Solar System Exploration Divi- 
sion, Johnson Space Center; author Mackinnon is with the Department of Geology, University 
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FIG. 1.--In-hole x-ray spectra for JEOL 100CX AEM (a) before modification, (b) after 
upper-column modification, (c) after all modifications. 


shown in Fig. 1. Figure l(a) shows a spectrum obtained before any column modifications to 
the AEM for a minimum beam size v.10 nm (STEM mode), a hole size<1 um, and a counting 

time of 500 s. Spectra taken under the same conditions (shown at the same scale) after 
upper column modifications, and after all modifications have been made, are shown in 

Figs. l(b) and l(c}, respectively. 


Observations 


CP aggregates have been studied in detail by a number of techniques and noble gas,?+ 
isotopic,’* bulk chemical,** and mineralogical*’'**?° data provide strong evidence for an 
extraterrestrial origin. Figure 2 shows an unusual carbon-rich particle which occurs in a 
large (.60um) CP aggregate identified as W7029*A. This particle is relatively large 
(10.3 x 0.5 um} compared to many others which occur in this aggregate, and has a smooth 
and coherent texture; and windowless EDS and EELS analysis indicates that only carbon is 
present. Interplanar spacings from an SAED pattern of the carbon particle (Fig. 2a, inset) 
do not correspond to spacings commonly observed in graphitized or partially graphitized 
carbons. However, high-resolution images from the rim of this grain (arrowed, Fig. 2a; 
Fig. 2c) show distinct lattice fringes of 0.34 nm, which agree well with the typical dgo2 
basal spacing of graphite. Graphitized carbons are observed in this CP aggregate,*® but 
usually as discrete clusters of individual grains showing measurable SAED patterns and 
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FIG. 2.--Unusual carbon-rich particle from interplanetary CP aggregate: (a) conventional 
TEM image with SAED pattern (inset), (b) complementary SEM image showing smooth surface 
texture, (c) HREM image of grain rim showing 0.34nm lattice fringes. 
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grain sizes up to 50 nm. The carbon grain shown in Fig. 2 may be an example of precursor 
carbon (or hydrocarbon) material that has begun to undergo graphitization at the grain rims 
due to an increase in temperature and/or the presence of a catalyst?®’*’ prior to collec- 
tion in the stratosphere. 

The bulk of anthropogenic particles collected from the stratosphere are aluminum-rich 
and show a range of morphologies and limited compositional variation.*® An interesting 
subset of aluminum-rich particles include Al metal and Al,0, spheres which are shown to be 
exhaust from solid-fuel rocket motors.*’19*?° Another abundant particle is termed an 
aluminum-prime particle because it contains not only a high proportion of Al, but also a 
significant amount of other high-atomic-number (Z) elements. A typical example of an 
aluminum-prime particle is shown in Fig. 3, and the corresponding bulk EDS analysis is 
shown in Fig. 4. Backscattered imaging from this particle shows that the high-Z elements 
are not homogeneously distributed throughout the aggregate. Chemical data inferred from 
backscattered imaging for a wide range of Al-prime particles, as well as morphological 
characteristics, suggest that some Al-prime particles are ablation products from solid- 
fuel rockets or coatings of spacecraft. 

Spherical particles comprise almost a third of the cataloged stratospheric collection 
at JSC+® and many can be considered ablation products from earth-crossing meteors. This is 
the case for predominantly Fe-Ni-S and Fe-Ni spheres, which show a size range, morphology, 
and composition similar to spheres observed on meteorite fusion crusts.** In cases where 
fusion crust spheres are broken open, it appears that some spheres are hollow,** which 
suggests that some ablation products that remain in the stratosphere for collection may 
also be hollow. Further support for the presence of hollow spheres in the stratosphere 
is provided by detailed studies of spheres from ice cores in Greenland and from the remains 
of an iron meteorite shower in Siberia.?° A hollow morphology would considerably affect 
bulk density and may influence the relative settling rate for this type of particle. For 
example, a 10um-diameter sphere with density 2.5 g.cm™* may reside in the aerosol layer for 
at least 20 days, if it were to settle from 35 km to a collection altitude of 18 km.** 
Hollow spheres of the same diameter but lower density (e.g., an estimated value of 0.1 
g.cm™*) may take up to 140 days to settle through the same column height in the lower 
stratosphere. 

The JSC dust collection has also been a valuable resource for the study of volcanic 
ash clouds and their influence on the lower stratosphere. The eruptions of El Chichén 
volcano in Mexico injected large volumes of ash into the stratosphere through March and 
April 1982.° The resulting cloud which circled the Earth was subsequently sampled through 
the NASA Cosmic Dust Program over a range of latitudes and at regular time intervals. An 
example of the volcanic ash still in the stratospheric cloud in May 1982 is shown in 
Fig. 5. The particles show typical shard morphologies and are as large as 10 um. Smaller 
particles also adhere to large grains and appear to predominate in samples taken later in 
1982. A comparison of grain size and morphology with sampling interval has also provided 
experimental confirmation of the average settling rate for ash particles in the 
stratosphere. *° 


Summary 


A wide range of particle types 2-60 um in size have been collected from the lower 
stratosphere by high-flying aircraft. A significant proportion of these particles are 
extraterrestrial in origin and the CP aggregates are among the most complex in terms of 
grain size, morphology, and mineralogy. All these stratospheric particles require 
electron-beam techniques for reliable characterization. An understanding of all particle 
types within the stratosphere provides a sound basis for the identification and interpre- 
tation of extraterrestrial particles and their provenance. Knowledge of the temporal and 
spatial distribution of specific particle types, ° as well as the interactions of solid 
particles with aerosols,** also provide a firm experimental basis for the development of 
reliable stratospheric models. 
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FIG. 5 .--Low-magnif ication SEM image of El Chichén volcanic ash collected from 
stratosphere. 
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Microanalysis Mass Spectrometry—Laser and Ion Microprobes 
QUANTITATIVE LASER MICROPROBE MASS SPECTROMETRY: POTENTIAL AND CONSTRAINTS 
Thad Mauney 


Laser microprobe mass spectrometric analysis (LAMMA) provides a probe of elemental and 
molecular composition at the micron spatial scale, with analytical sensitivity to as few 
as a housand atoms in the excited volume. Such sensitivity and spatial resolution com- 
bine with the wealth of information provided by a mass spectrum to provide an excellent 
tool for investigation of scarce or high-value samples, micron-sized particulate samples, 
and biomedical specimens with important microscopic features. The information required 
in each investigation is specific to the context, but it is generally true that quantita- 
tive information is an important adjunct to qualitative spectral information, if not an 
essential part of the investigation. 

LAMMA has been proven as a qualitative tool, and has shown some promise as a quanti- 
tative tool; however, the hopes of early investigators for straightforward quantitative 
protocols have not generally been fulfilled. Several workers have presented straight- 
line calibration curves spanning several orders of magnitude in concentration.*~? These 
curves have been supplemented by estimates of relative sensitivity coefficients (RSFs) 
for the several elements in various matrices,*’* and correction equations for the ioniza- 
tion conditions have been developed, based on the local thermal equilibrium approach. °7° 
In actual practice,these approaches to quantitation have not proved useful if extended 
outside the narrow set of samples for which they were developed, and it is not yet stan- 
dard practice to calibrate an instrument and then quantitate an unknown sample. 

An excellent demonstration of quantitative technique was presented by Schroeder et al. 
in analysis of retinal tissue.°’’ By meticulously incorporating isotopic dilution stan- 
dards into the samples analyzed and exacting stringent controls on the analytical condi- 
tions, they were able to determine the concentrations and concentration ratios of meta- 
bolically important alkali ions with micron spatial resolution. Development of the requi- 
site standards and protocols required investment of several years of work; even so, these 
standards and protocols cannot be directly generalized to other samples or elements. 

The author's experience is that although the instrument can yield suitably reprodu- 
cible spectral intensity data for selected samples and conditions, subtle changes in con- 
ditions can result in radical changes in signal and alter both absolute and relative 
intensities. Further, significant random and bias errors are introduced into the results 
without warning. The result is that the temptation to make quantitative comparisons is 
great, but thoughtful examination of the data from week to week forces one to the reali- 
zation that not enough? is yet known about the measurement event to justify hasty inter- 
pretations. 

Wieser, wurster: and Wechsung have published an excellent discussion of the approaches 
to quantitation, and the considerations required in each approach,* but have left open 
the problem of bringing the various approaches to practical fruition. The present paper 
explores the many aspects of the instrument and the physical and chemical processes in- 
volved in each LAMMA measurement, and is intended to provide portions of groundwork from 
which the techniques for quantitative LAMMA analysis can be based. 

Numerous aspects of the ‘analytical process can be identified as influencing recorded 
signal intensity, and thus as being important to quantification. Each of these aspects 
is subject to scientific characterization: if the causes for instrumental nonquantita- 
tiveness can be understood, they can largely be controlled. This paper lists several of 
these sources of measurement error and concludes with a list of suggestions for the basis 
of quantitative analytical protocols: 


Samp Le Variabt lity 

_Point-to-point variation in composition of the sample must affect the resultant 
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signal, for this is often the matter of interest in microanalysis. This variation may 
also arise from unexpected or random sources and result in measurement error. The volume 
analyzed varies with sample thickness or particle volume. With vapor-deposited carbon 
films, relative standard deviation in signal intensity around 5% could readily be achieved. 
In contrast, fine carbon particles yielded signals varying over several orders of magni- 
tude due to their variation in size and their clumping together. 

Another source of variation is random distribution of analyte atoms or molecules in a 
homogeneous medium. In noncrystalline materials without cooperativity or repulsion, trace 
constituents are approximately Poisson distributed over the volume elements; if the detec- 
tion limit approaches a few tens or hundreds of atoms in the analyzed volume, the variance 
can become several percent of the signal (see, for example, Ref. 8). 


Energy Deposttton in the Sample 


Mean energy available to the sample molecules is the time integral of laser intensity, 
less reflection and transmission losses, divided by the number of excited molecules. 
Intensity, transmittance, and reflectance are not constant over time or space, nor from 
sample to sample. This energy is partitioned into vaporization, ionization, and expan- 
sion. Both the volume analyzed and the ionization efficiency vary if the energy deposited 
varies. There is some inevitable variation in laser intensity. There is also large poten- 
tial for variation in energy deposition if the laser is not reproducibly focused. For 
example, much of Surkyn's difficulty in achieving low standard deviations in measurements 
on NBS research-material glass-sphere standards* probably arose from the difficulty of 
defining a true focus condition on a transparent sphere with a diameter of the order of 
the beam diameter. Surkyn also found that even the gross appearance of the spectra de- 
pended on the position of laser focus as well as on laser intensity. 


Ion-formatiton Processes 


Ideally, ions would be formed in concentrations approaching a local thermal equilibriun, 
and then detected with equal efficiency. Unfortunately, chemical and physical effects 
override this simplicity. It has been shown that different ionic species may be extracted 
with different kinetic energies.°??° For example, for Ti0, film, the median kinetic ener- 
gies for some species were: 


Ton Kinetic Energy (eV) 
Ta -40 
Tio* -75 
Ti,0," -90 


These differences suggest formation of these species in different regions of the plasma 
plume. These regions presumably differ in temperature and stoichiometry, so that relative 
signal intensity depends on the chemistry of the entire plasma cloud, as well as on sample 
composition. 

Denoyer observed transfer of O from aluminum and silicon oxides to reduced sulfur 
species, forming So, ;+7 but in selected matrices, Bruynseels has been able to discrimi- 
nate between oxidation states of sulfur.** Combination ions formed from physically sepa- 
rated sample components have been observed in carbon films’? and in metal films.’* 

In some cases, ions may also decay. Rosmarinowski and Hillenkemp**> have reported me- 
tastable decomposition of C,~ to neutrals. Though only small fractions decayed in that 
case, spectral intensities can be influenced by decay during the 20-50 us of flight time. 

Even a correctly focused laser beam does not illuminate a disk with uniform intensity. 
Ideally, the beam tends toward a Gaussian profile.?® The center of the beam may produce 
"plasma mode" ionization; the fringes are intense enough to result in "laser desorption" 
ionization. In analyzing soot particles for polycycylic aromatic hydrocarbons, on its 
most intense setting, the laser beam could ionize particles as far as 10 wm from its 
center.?”? Ions formed in the fringe necessarily experience different chemical and thermal 
conditions from those formed in the beam center, and may have different kinetic energy. 

The sodium and potassium peaks arising from impurity in carbon film substrates were 
found to have clayed shoulders (Fig. 1).1° These delayed ions had kinetic energies between 
+3 and -17 eV, whereas the main peak had kinetic energy centered less than -17 eV. The 
delay must derive from late formation since arrival time is corrected for kinetic energy. 
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FIG. 1.--Shoulder on Na* and K* peaks. Cutoff kinetic energy is expressed as equivalent 
initial kinetic energy relative to a grounded sample. 


These delayed ions of near-zero initial kinetic energy may derive from thermal ionization 
of the fringe zone of the laser beam, which is still intense enough to produce a puckered 
halo in the carbon foil. 


Extractton 


Because the extracting electrostatic field is formed over a gap of only about 6 mm, 
homogeneity of this field depends on the symmetry of the surfaces of the sample and holder. 
Edge effects from the sample holder can radically influence signal strength.*° A 40-fold 
reduction in signal intensity was observed in moving from the center to the edge of a 
specimen of vapor deposited carbon film 25 nm thick (Fig. 2). A new sample holder was 
machined with no o-ring groove and a sharper edge. The new sample holder resulted in more 
uniform response over the central portion of the sample, as also shown in Fig. 2, but very 
close to the edge roughly similar attenuation occurred. Presumably the nonuniform field 
near the step at the sample holder edge causes the ion packet to travel off the spectrom- 
eter axis. The magnitude of this effect is not equal for all ions in a spectrum and so 
relative intensities also are perturbed. 

One can minimize the spectral effects of ion extraction by selecting the central por- 
tion of the sample, and by selecting or preparing a sample holder with very sharp and 
uniform edges. In the case of ‘reflecting geometry' instruments such as LAMMA 1000 and 
LIMA, the problem should be minor for flat smooth specimens, but could be quite important 
for irregular samples. The specimen may yield a measurable spectrum, but its relative and 
absolute intensities would not necessarily be comparable to other specimens or locations 
on the same specimen. 


Transmtsston 


The ion lens that serves to collimate the ion beam and thereby improves the transmit- 
tance of the spectrometer is inevitably subject to chromatic aberration--dependence of the 
focal length on ion kinetic energy. 

In a system employing such ion lenses, two sources of measurement variability arise: 
lens aberration and focusing errors. Ion lenses are recognized as having far worse 


spherical and chromatic aberration than have optical lenses. 


Chromatic aberration in the ion lens is capable of truncating the ion kinetic energy 
distribution of ions extracted from the laser plasma. The extent to which this effect 
occurs depends on the effective energy bandpass of the ion optical system (Fig. 3). 

Degradation of spectral information due to incorrect selection of the ion lens poten- 
tial is readily observed. As an example, Fig. 4 shows averages of ten spectra of oil 
shale retort soot obtained at two lens potentials. The lens potential at 1980 V elimi- 
nated the peak above m/e = 250, which were assigned as polycyclic aromatic hydrocarbon mole- 
cular ions, yet these ions were consistently present in the spectra obtained at a lens 
potential of 1930 V. 

The chromatic aberration of the ion lens limits the kinetic energy band of the ions 
detected, but in practice the limits may be sufficiently broad so that most ions extracted 
from the source are transmitted. If the ion lens potential is not optimized for the actual 
distribution of kinetic energies of ions extracted, signal strength is lost. If the en- 
ergy passband lies off the center of the actual distribution, and its location is not 
determined, then undetermined errors in relative signal intensity may result from the 
filtering effect. 
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Deteetton 


An electron multiplier is an excellent 
but nonideal ion detector. Three sources 
of variation arise in detection: arrival 
shot noise, amplification shot noise, and 
conversion efficiency. 


@ Ion arrival is approximately a Pois- 
son-distributed random process. At a con- 
version gain of 10°, a single ion arrival 
results in a pulse giving about 4 integrated 
counts in the transient recorder (Biomation 
8100). Therefore, the smallest detected 
peaks can derive from only a few ion arriv- 
als and have the attendant Poisson statis- 
standard deviation equals square 
root of the mean. 

@ Amplification is not a deterministic 
process, but is itself a stochastic pro- 
cess. Additional variance is thus intro- 
duced, though smaller than that due to 
arrival statistics. 

@ Cathode conversion efficiency is not 
uniform, nor is it a simple function of 
ionic mass. In SIMS, Rudat showed differ- 
ences in electron yield between ions of 
adjacent mass as great as between ions of 
widely different mass.?? With lower ion 
kinetic energy, LAMMA may have greater sus- 
ceptibility to conversion efficiency dis- 
crimination than SIMS, but this property 
has not yet been quantified. 


Spectrum Recording and Integration 


Errors in analog-to-digital conversions 
are inherent in high-speed transient 
recorders, and Simons documented the degra- 
dation of precision by these electronic 
effects.*° As superior transient recorders 
are developed, this difficulty will dimin- 
ish, but it will still remain a significant 
consideration in quantitative analysis. 

Computer integration of spectral peaks 
is another potential source of error: small 
peaks are significantly influenced by base- 
line estimates, and overlapping peaks are 
affected by the peak-splitting algorithm. 
In writing programs for LAMMA spectrum pro- 
cessing, one must adjust the algorithm 
carefully to the spectra; subsections must 
be sometimes integrated separately. For xe- 
liable integration the parameters may require 
adjustment for the spectral region and sam- 
ples of interest in a series of experiments. 


Conelustons 


It is certainly possible to make quan- 
titative LAMMA measurements if the instru- 
ment limitations and chemical and physical 
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effects are acknowledged and carefully handled. The preceding discussion has centered on 
several of the intrinsic sources of measurement error. To minimize these errors, some 
suggestions are offered to aid in achieving accurate quantitation: 


work above 100 detected atoms to minimize shot noise 
test the sample and holder for lateral uniformity 
ground the sample as in electron microscopy to stabilize kinetic energy 
optimize ion lens and reflector often, and for each critical sample 
make laser intensity plots on the sample or a surrogate 
follow rigorous laser alignment protocol including temperature control of the laser 
chamber 
make interlaboratory comparisons of laser power meters 
follow rigorous focusing procedure 
utilize beam profile diagnostics if instruments are available 
develop and follow a rigid protocol for selection of spots to analyze 
predefine experimental procedures andlimits for data acceptance 
average spectra if possible 
use isotopic dilution standards if possible 
@ test that internal standards represent the analyzed element or compounds in spatial 
distribution, ionization efficiency, and in transmittance, by making laser intensity and 
ion kinetic energy plots 
® control integration as well as possible by examining graphs of selected spectra bit 
by bit 
@ shift baseline offset automatically and randomly from shot to shot to average out 
recorder effects. 


Se@@e@¢@¢6e6 


There is every reason to expect that the science of routine quantitative LAMMA analysis 
will develop to reasonable success within the next few years. This development will entail 
exactly the same kind of effort that has been applied to SSMS, SIMS, AA, etc., although 
quite different considerations will result. As important as the actual achievement of 
quantitative accuracy will be the necessary fundamental studies into the processes involved 
in LAMMA measurement, including the light-matter interactions and the plasma chemistry and 
physics. Better measurements and possibly new analytical techniques will result. 

Quantitative LAMMA measurement will not be the result of any single trick, technique, 
or method, nor of some special standard. Rather, reliable quantitation will be the con- 
sequence of persistent adherence to all the necessary procedures, so that the many sources 
of variability are simultaneously controlled. 


References 


1. R. Wechsung et al. Mtcroscoptca Acta Suppl. 2: 281-296, 1978. 
2. R. Kaufman, Miterobeam Analysts--1982, 341-348. 


303 


SESE DRS RIAA ASI AAG EEE eke ei a ELE RR RSS GREE SE A AR Ae Noa LEE SREB REBEL SiS HEEB ORBITS REE SE EERO EEE EES 


3. P. Wieser, R. Wurster, and R. Wechsung, Proc Second LAMMA Workshop, Borstel, 


Federal Republic of Germany (Leybold-Heraeus), 1984, 29-48. 


4, P. Surkyn and Fred Adams, J. Trace and Microprobe Tech. 1: 79-114, 1983. 

5. U. Haas, P. Wieser, and R. Wurster, Fresentus 4. anal. Chem. 308: 270-273, 1981. 
6. W. H. Schroeder and G. L. Fain, Wature 309: 1984. 

7. W. H. Schroeder, Fresentus Z. anal. Chem. 308: 212-217, 1982. 

8. Emmanuel Parzen, Stochastic Processes, San Francisco: Holden-Day, 1962. 

9. Thad Mauney and Fred Adams, Intl. J. Mass Spectrom. & Jon Prog. 59: 103-119, 1984. 
0 Eric Michiels, Thad Mauney, Fred Adams, and Renaat Gijbels, tbid., 61: 231-242, 


ll. Eric Denoyer, doctoral dissertation, Colorado State University, 1984. 

12. F. Bruynseels and R. E. Van Grieken, Anal. Chem. 56: 871-873, 1984. 

13. F. Bruynseels, personal communication. 

14. R. Wurster, U. Haas, and P. Wieser, Fresenius Z. anal. Chem. 308: 206-211, 1981. 
15. J. Rosmarinowski et al., Ref. 3, pp. 7-8. 

16. H. Kogelnik and T. Li, Proc. IEEE 54: 1312-1329, 1966. 

17. Thad Mauney, Fred Adams, and M. R. Sine, Set. Total Environ. 36: 215-224, 1984. 
18. Thad Mauney, doctoral dissertation, Colorado State University, 1984. 

19. M. A. Rudat and G. R. Morrison, Intl. J. Mass Spectrom. and Ion Phys. 27: 249-261, 


20. D. S. Simons, tbid., 55: 15-30, 1984. 


i RRR ta at RS SES SS SS 


J. T. Armstrong, Ed., Microbeam Analysis—1985 
Copyright © 1985 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


MASS SPECTROMETRIC IDENTIFICATION OF INORGANIC SUBSTANCES BY 
LASER MICROPROBE MASS ANALYSIS 


J. Dennemont and J. C. Landry 


Laser microprobe mass analysis (LAMMA) is a technique that allows the rapid analysis of 


nonvolatile organic and of inorganic compounds. A schematic representation of the LAMMA 
principle is given in Fig. l. 
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The pulsed Nd-YAG laser (Q-switched, frequency quadrupled, wavelength 265 nm, pulse 
duration 15 ns) and the co-aligned He-Ne laser are focused on the sample by means of an 
optical microscope. The sampled volume is about 1 um* and the detection limit is in the 
ppm range. The ions formed are analyzed in a time-of-flight mass spectrometer, in which 
both positive and negative spectra can be recorded. 

Due to the high sensitivity and lateral resolution of the instrument the technique has 
found applications in quite different fields. In the context of our work, for example, we 
frequently make use of this technique in industrial toxicology, criminology, general 
chemistry, environmental pollution, and several other disciplines. 

At present we are mostly concerned with the analysis of inorganic substances. Our 
studies have led us to the conclusion that the interpretation of LAMMA spectra is straight- 
forward only from the point of view of elemental analysis. In all other cases no satis- 
factory interpretation is possible unless one has a prior knowledge of the mechanism of 
ion formation during laser-induced ionization. 

We have therefore undertaken a systematic study of the behavior of the nitrates, carb- 
onates, sulfates, and halides of groups I and II of the periodic table; the nitrites and 
sulfites of some members of group I and the chlorides of Cr, Mn, Fe, Co, Ni, Cu, Zn, Ag, 
Cd, and Hg. In this paper we discuss the LAMMA spectra obtained for these inorganic salts 
with particular reference to the nitrates. 

Figures 2 and 3 show the LAMMA spectra obtained for sodium and potassium nitrate, 
respectively. The first observation is that ion species are formed with m/z values much 
greater than that of the molecular ion. In both cases and indeed for all members of the 
group the same ion species are obtained. In the positive spectra the cations are easily 


identified. The presence of Na,0* (m/z 62) and Na,0,* (m/z 78) in the positive spectrum 


The authors are with the Service Cantonal d'Ecotoxicologie, C. P. 109, CH=1211 Geneva 
4, Switzerland. 
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FIG. 2.--LAMMA positive and negative spectra of NaNO;. 
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FIG. 3.--LAMMA positive and negative spectra of KNO,. 
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and that of NO,~ (m/z 46) and NO,” (m/z 62) in the negative spectrum of Fig. 2 indicate 
that these ions are formed by thermal decomposition of the parent molecule. The other 
peaks are presumed to be formed by ion-molecule interactions as indicated below: 


For the positive ions For the negative ions 
Na,0 + Nat +> Na,0* NaNO, + 0,7 > NaNO, ~ 
NaNO, + Nat + NaNO, NaNO, + NO,~ + NaN,O,~ 
Na,0, + Nat + Naz0,* NaNO, + NO, +> NaN,Os_ 
NaNO, + Na,0+ + Na3NO,* NaNO, + NO,” > NaN,0.¢ 
NaNO; + Na,0,+ + Na3NOs5* 


As can be seen from Figs. 2 and 3 the same ion species are formed and the characteris-~- 
tic ions of the nitrates appear in the negative spectra. Table 1 shows the relative inten- 
sities of the nitrates; MN,0, is the most intense ion. 


TABLE 1.--Relative intensities of characteristic ions of nitrates. MN,0, is the most 
intense ion in the negative mode. (M is the cation.) 


Negative Ions 


OH 05 
Lithium ++ + 
Sodium ++ + 
Potassium + + 
Rubidium + + 
Caesium + + 


Positive Ions 


MjNO,, M,NO, MNO, 
Lithium 0,1 
Sodium ~0 
Potassium 
Rubidium 
Caesium ; 


Figure 4 shows the type of cluster ions obtained for potassium chloride. Here again 
the cluster ions are accounted for according to the following interactions: 


For the positive ions For the positive ions 
KCl + Ki + XK,Cl" KCl + Cl” + KCl, 
KCl e h0 Secs KCL KGS = Relig” 


KC1 = K;C1,*> K,C13* 
For all halides of group I the cluster ions formed are of the type [Mya, Ayal and. 
My Xn-1]7 where M is the salt cation and X the salt anion. : 
The situation for the halides of group II is quite different. The cluster ions formed 
are of the type [My Xon-,]* and [Mp Xantil™- 
For example, for BaCl, the ions are formed in the following way: - 


In the positive mode In the negative mode 
BaCl, + BaCl* + C17 | BaCl, + C17 +> BaCl,~ 
BaCl, + BaCl* > Ba,Clz* BaCl, + BaCl, + Ba,Cl ~ 
BaCl, + Ba,Cl, > BasCl,~ - BaCl, + Ba,Cl, + Ba;Cl,” 
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FIG. 4.--LAMMA positive and negative spectra of KCl. 
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We have yet a different picture for the halides of the transition elements. 

CuCl and AgCl with one s electron in their outer orbital behave in the same way as the 
halides of group IA. ZnCl,, CdCl,, and HgCl, with two s electrons in their outer orbital 
behave in a similar way to the halides of group IIA. 

The chlorides of Cr, Mn, Fe, Co, and Ni behave in a different way; the ions obtained 
for FeCl, are given below: 


Positive ions 
Fet,FeC1*,Fe,+,Fe,C1t,Fe,Cl,*,Fe.Cl;*,Fe,Cl,t 


Negative ions 
FeC1,~, FeCl,” ,FeCl, ,FeCls” ,Fe,Cl,” ,Fe,C1,” ,Fe,Cl,~,FezCl,~ 


Here again the formation of these ions can be explained on the basis of ion-molecule 
interactions with due regard to the variable valencies of the transition elements. 

Examples are available showing how a knowledge of the mechanism of ion formation can 
help in the elucidation of unknown spectra. 
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QUANTIFICATION AND APPLICATIONS OF LASER-PROBE MICROANALYSIS 
M. J. Southon, Andy Harris, Valerie Kohler, S. J. Mullock, and E. R. Wallach 


This paper reports work with a LIMA (Laser Ionization Mass Analyzer > manufactured by 
Cambridge Mass Spectrometry Ltd. Factors affecting the reproducibility of LIMA micro- 
analysis are discussed and progress with both experimental and theoretical procedures for 
the quantification of LIMA data are reported. The wide range of important applications of 
LIMA laser-probe microanalysis in materials science is illustrated by reference to studies 
of the distribution of boron near brazed joints in nickel-superalloy turbine-blades; 
contamination responsible for the discoloration of titanium nitride coatings on steel; the 
nature of hard, erosive particles in coal dust used as a fluid fuel; and a trace segregant 
inhibiting the formation of Nb,Sn in a superconducting filamentary composite wire, and of 
an isotopic-mass effect on diffusion of tin in this material. 


Quanttifieatton of LIMA Results 


The results obtained from successive LIMA mass-spectra typically show a significant 
scatter in the absolute ion yields, even for a completely homogeneous sample--an observa- 
tion generally attributable to variation in the proportion of laser power actually absorbed 
by the specimen. However, by considering the relative ion yields of different elements or 
isotopes one can substantially reduce this scatter and obtain estimates of the scatter 
(lo) in the measured ratios of major elements of less than 10%. A further complication is 
introduced by the inherent variability of about 2-3% (lo) in the actual laser power from 
shot to shot, which implies that averaging of several spectra may lead to an overestimate 
of the scatter, since spectra are obtained at slightly differing powers, which will cause 
variations in both absolute and relative ion yields. It is hope that the recent develop- 
ment of a laser-energy monitor will allow more meaningful averaging and hence further 
reduce the scatter. 

It has also been found experimentally that reproducibility depends on the analytical 
conditions used; it is particularly influenced by the laser power, and apparently also 
depends on the ionization potentials of the elements under consideration. For example, in 
the analysis of a boron-containing Ni/Cr metallic glass of known composition, the spread 
of the experimentally obtained correction factors (actual, divided by measured, elemental 
ratios) changed from a lo value of about 100% at a relatively low laser power to about 50% 
at a power about 2.5 times greater for B/Ni; whereas for Cr/Ni, elements of more compar- 
able ionization potentials, the correction factors were found to have a spread of less 
than 20% at all laser powers. These results were obtained prior to the development of the 
energy monitor and, as explained above, are thus less than the optimum. 

Since the absolute ion yields show a large scatter, any attempt to quantify the LIMA 
results must involve relative ion yields. There are two possible approaches, as discussed 
by Kaufmann:* a "working-curve' approach (as used in SIMS) and a more fundamental, theo- 
retical approach. The former involves the use of a standard of known composition to pro- 
duce graphs of the variation of one correction factor either with another (as shown in 
Fig. 1 for Ca/Si and Al/Si plotted against 0/Si for a glass) or with laser power. The 
theoretical approach involves modeling the ionization processes in the laser-produced 
plasma. At present the Local Thermodynamic Equilibrium (LTE) model seems to be the most 
promising.*~ 

The LTE model allows the calculation of the ratio of ions to neutral species in the 
plasma from the well-known Saha equation.*’°® This ratio can then be used to calculate the 
ratio of ions in the plasma to the original concentration of an element in the specimen. 
LTE has been used to calculate the plasma conditions (electron temperature and density) 
pertaining at various positions on the working curve of Fig. 1 (Table 1), which can then 


The authors are at the Department of Metallurgy and Materials Science, University of 
Cambridge, Cambridge, England CB2 3QZ. They are grateful to their colleagues C. Ross for 
her work on superconductors, and J. E. Evetts and S. C. R. Barton for advice and the sup- 
ply of samples; and to I. Bucklow of the Welding Institute and R. B. Newbury of the Tube 
Investments Research Laboratories for their cooperation and the provision of samples. 
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FIG. 1.--Variation of experimentally determined elemental-ratio correction factors for 
Al/Si and Ca/Si with that for 0/Si in a glass. 


TABLE 1.--Plasma conditions derived by LTE model from Fig. 1. 
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be used to find theoretical correction factors for any other element. The temperatures 
thus determined are higher than those found by Kaufmann* (in the range 12 000-17 000 K 
opposed to 8-12 000 K), probably as a result of differences in laser optics between LIMA 
and LAMMA (the instrument used by Kaufmann). Kaufmann's assumption that the ion yield is 
much lower than the neutral yield in the plasma does not seem justified at the higher 
temperatures apparently produced during the LIMA analysis. The LTE model can also be used 
to predict the behavior of elemental sensitivities with changing power; in particular, it 
predicts a trend toward more uniform and constant sensitivities at higher powers, as has 
been determined experimentally elsewhere’ 


Applications 


LIMA has several important features, such as sensitivity to all the elements of the 
periodic table with isotopic discrimination, the ability to analyze a very wide variety of 
specimens, good lateral and depth resolution (typically 1-3 um laterally and about 0.2 um 
in depth), and good trace sensitivity (of the order of a few ppm). In the following 
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section, selected LIMA studies are described in order to illustrate the scope and some of 
the advantages of LIMA as an analytical instrument in materials science. 

The analysis of light elements is important in the study of the fabrication of turbine 
blades from oxide-dispersion-strengthened nickel-based superalloys, where the necessity to 
maintain the columnar microstructure precludes the use of welding as a fabrication tech- 
nique; instead, brazing is used, with a Ni/Cr metallic glass foil as an interlayer. The 
properties of this foil are closely controlled by adjustment of the boron content, and 
LIMA has been used to study the distribution of the boron after the brazing. It was found 
that the boron had almost completely diffused out of the foil matrix (the original boron 
content of about 15% was reduced to less than 0.2%) and was instead segregated to the 
foil-superalloy interfaces and to the brain boundaries in the now crystallized foil, and 
to a lesser extent had diffused outward into the superalloy, producing a boron content of 
about 0.5%. These results are in agreement with data from scanning-SIMS, and have impli- 
cations for the possible embrittlement of the material. 

A further light-element application involved the use of LIMA to analyze the composi- 
tion of two nitrided layers on steel. These coatings consist of nonstoichiometric titan- 
ium nitride, and are hard and wear resistant; they are typically used on bearing and 
cutting tools. The coating is sputtered onto the steel, with a bias voltage applied in 
order to refine the microstructure of the coating from a coarse columnar to a fine micro- 
crystalline. Occasionally during this processing the golden color of the sputtered film 
turns black for no apparent reason. Compositional analyses carried out by LIMA on these 
layers showed a significant level of contamination of the black coating throughout its 
thickness, in contrast to the clean profile obtained from the gold-colored coating. Two 
representative spectra are shown in Figs. 2 and 3. The black coating contaminants were 
primarily K and Ca, with small amounts of 0, C, and Na, elements typically found on the 
surface of improperly cleaned substrates. 

An example of a problem where the nature of the specimen precluded the use of other 
analytical techniques involved a study of coal dust. Finely ground coal dust has the 
advantage that it may be transported in pipes as a fluid. However, the distribution 
system is subject to erosive wear, both by relatively soft particles of coal and by other 
mineral particles, such as quartz, which are associated with the coal, unless special 
efforts are made to exclude them. In an assessment of the likely wear rate the hardness 
of these particles makes them important despite their relatively low concentration. LIMA 
is ideally suited to the identification fo such particles, which may be roughly sorted by 
eye into various categories of color and shape under an optical microscope. In particular, 
repeated laser shots have been used to penetrate the black coating of carbon, which often 
disguises a much harder alumino-silicate. 

A further important feature of LIMA is the ability to discriminate between isotopes of 
an element while providing a microanalysis, as illustrated by the following example. 
Superconducting wire is now regularly used in applications requiring high magnetic fields 
of high stability. Of the superconducting materials used commercially, Nb;Sn has the 
highest critical field at a given temperature and therefore potentially the best perform- 
ance. However, it is too brittle to be drawn into wire in the conventional manner; 
instead, a composite wire of bronze and niobium is fabricated and then a heat treatment is 
used to grow the NbzSn layers that will eventually carry the current (Fig. 4). The tin to 
form new Nb;Sn diffuses from the bronze through the NB;Sn layer already formed to form a 
new superconductor. During this process the relatively narrow bronze channels near the 
center of the composite wire become severely depleted in tin. Diffusion from the outer 
bronze jacket is necessary to maintain the growth of Nb,Sn. Analysis with the laser 
microprobe has been used to investigate two aspects of this diffusion process. 

The outer filaments of niobium in the outer bundles are found to be incompletely 
reacted, unlike the central filaments, even though the tin should be most readily avail- 
able there. It is known that the presence of phosphorus inhibits the Nb,;Sn growth and 
appropriate steps are taken to achieve low levels of phosphorus in the bronze used. How- 
ever, it has been suggested that phosphorus may be gettered at the outer interfaces as the 
tin diffused in toward the center of the wire.® LIMA analysis of the bulk bronze shows no 
phosphorus peak at normal instrumental sensitivities, whereas at the edge of the outer 
bundles a phosphorus peak appears clearly. 

The lateral resolution of LIMA makes it possible to measure the tin concentrations in 
the bronze and in the Nb;Sn separately: it is significant that an enrichment in the low- 
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FIG. 2.--Positive-ion mass spectrum of gold-colored Ti-N layer. 
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FIG. 3.--Positive-ion mass spectrum of contaminated black Ti-N layer. 
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FIG. 4.--Optical micrograph of mult ifilamentary superconducting wire. 


mass isotopes of tin was found in the Nb,Sn layer. Apart from its academic interest as an 
example of an isotopic mass effect in diffusion, this observation is of potential prac- 
tical importance since the superconducting critical field is approximately proportional to 
isotopic mass. 


Coneluston 


Basic work on the reproducibility and quantification of LIMA laser-probe microanalysis 
and its application to a variety of practical problems has demonstrated the power and 
versatility of this relatively new technique as an important addition to microanalytical 
capability in materials science. 
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EXAMPLES OF QUANTIFICATION IN LASER IONIZATION MASS ANALYSIS 
Trevor Dingle and B. W. Griffiths 


Laser ionization mass analysis (LIMA) is essentially a semiquantitative microanalytical 
tool at present. The laser-solid interaction is not sufficiently understood yet to allow 
a comprehensive model to give an absolute calibration of unknown samples from LIMA results. 
Instead, calibration must rely on internal standard reference specimens which, ideally, 
have chemical, optical, and thermal properties similar to those of the unknown sample, and 
are analyzed at the same laser power density. 

In this paper we describe some LIMA results we obtained using NBS glass reference 
samples in the determination of nitrogren and carbon levels in silicate glasses. In addi- 
tion we include supportive data from single-crystal calcite, which indicates that the cal- 
ibration coefficients generated from the reference glass may have applications in more 
general systems. These results illustrate the potential of LIMA as a quantitative tech- 
nique, since the determination of trace impurities on a microanalytical scale, particu- 
larly low-atomic-number elements, in such bulk insulating materials is a difficult problem 
for other analytical techniques. 


The Detection of Carbon and Nitrogen tn Stitcate Glasses 


This was a typical analysis in which unknown glass samples were supplied and we were 
asked to measure the carbon and nitrogen levels. Initially we knew only that the glasses 
were silicates, so that it was interesting to determine their matrix compositions. We 
used a glass standard to determine elemental relative sensitivity factors. The ion yield 
of a particular species in the laser microprobe is a strong function of power and of its 
ionization potential (Ip). Figure 1 shows an idealized view of this behavior. 


Since laser power is a relatively poorly 
controlled parameter, it is clear that one 
should operate the system in a region above 
a power density X (see Fig. 1) if possible. 
The element most difficult to ionize in the 
glasses to be analyzed was oxygen, and so 
the technique used was to obtain successive 
spectra of the glass at increasing laser 
power until the height of the oxygen peak 
was no longer increasing with respect to the 
other peaks present. The laser power 
density was then noted and used for all the 
ensuing measurements. The actual energy 
delivered to the sample was 7100 y joules 
of 266nm radiation. If all of it were to 


% Ion Yield 


(abée nawercasnsity arrive in the focal spot, it would give a 
FIG. 1.--Percentage ion yield vs laser power power density of the order 101? W cm™*. In 
density. practice it is true that much of the energy 


is reflected by the sample or absorbed and 
scattered by the microplasma generated in front of the sample. 

Having established analytical conditions, five consecutive spectra were recorded from 
a standard glass and the relevant peak areas integrated and averaged with the help of the 
microcomputer attached to the instrument. From the known compositon of the glass, rela- 
tive sensitivity factors for the major elements present were then derived (Table 1). A 
typical spectrum is shown in Fig. 2. 

It is interesting to note that if relative sensitivity factors are plotted against 
jonization potentials, in general the sensitivity factors do decrease as the ionization 
potentials increase and a smooth curve can be drawn between the points. However, there 
are anomalies, for example calcium. 


The authors are at Cambridge Mass Spectrometry Ltd., Cambridge Science Park, Milton 
Road, Cambridge, England CB4 4BH. 
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TABLE 1.--The observed sensitivity of LIMA to various elements normalized to the sensi- 
tivity to silicon in a silica glass standard. 


Element Ca 0 Si Al Na 
Relative Sensitivity 0.6 0.4 1.0 1.8 3.6 


It is clear that factors 
other than ionization potential 
are relevant; at present work is 
in progress to try and eluci- 
date this area. One particular 
factor that does seem to explain 
our observed results is the 
ratio of ionic radius to mass 
for the ions. 

A typical survey spectrum 
over the mass range of interest 
on one of the unknown glass 
samples is shown in Fig. 3. The 
areas under selected peaks are 
measured on the computer system 
used in the LIMA-2A machine and 
plotted on the spectrum. The 
predicted matrix composition 
for the unknown glass samples is 


Relative fon-Current 


Calcium 
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& 
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shown in Table 2, along with the 0 Tt) BAe rans” 40 50 
composition obtained subse- 

quently by other analytical FIG. 2.--NBS glass sample bulk composition. 

methods. 

TABLE 2 The LIMA results are averages of five shots 


and are given to the nearest unity percentage, 

and are based upon integrated peak areas. The 

LIMA results used typically had a standard 

8) 64 60 deviation of 7%. In terms of accuracy it seems 


Element % LIMA % given 


Na 9 8.7 reasonable to say that LIMA should yield bulk 
Mg 2 2.9 compositions, to within approximately 10% for 
Si 22 23.7 major constituents and 30% for minor constitu- 
Ca 3 4.6 ents if a known standard is used with this type 


of glass sample. 

Trace element analysis on two unknown glass samples was then performed. Figures 4 and 
5 show typical spectra produced on one sample. The main elements 0, Na, Mg, Al, Si, and 
Ca are revealed as well as trace elements H, Li, B, C, N, S, Ti, K, Fe, Mn, Sr, Y, Zr, V, 
and Cl. Using the integrated peak areas and the relative elemental sensitivity factors 
obtained from glass standards, we obtained relative percentages (Table 3). In practice, 
if used with care, a plot of relative sensitivity factors against elemental ionization 
efficiency can be used to predict the relative sensitivity of an element not present in 
the standard. 

The third column of Table 3 assumes that the abundance of ** Ca is 0.0064 
of the value of Ca*®, and referring to Table 2 we predict that we would expect 192 
ppm of **Ca. Thus the calcium isotope is used as the standard to obtain the values of 
carbon and nitrogen. Any ambiguity due to surface deposits was minimized by pulsing into 
the sample. In addition, the contribution of Mgt+ to the C** peak and Sit+ to the N?* 
peak were subtracted out of these results. 

A similar determination was performed on another glass sample. In this, the main 
elements Q Na, Mg, Al, Si, and Ca were again revealed as well as trace elements H, Li, C, 
N, S, Cl, K, Ti, and Fe. The results, obtained by the same procedure as before, are also 
tabulated in Table 3. All the trace element determination results are an average of a 
number of LIMA shots and the standard deviation to mean was better than 9%. 
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TABLE 3 Overall, the above preliminary 
or so = Sturdy demonstrated that LIMA can 
Relat % LIMA C : 
Isotope sihekekint PED Geyer peu based on a standard, obtain matrix 
Sample 1 composition to within 10% on major and 
30% on minor constituents and that 


12 
25 ae : 
ae 28 8 100 standard deviations to mean in repro- 
N 5.5 16 15 - 30 ae is 
42og 66 192 _ ducibility can be better than 9%. The 


results obtained on the two glass 
Sample 2 samples were well within the typical 
x? accuracy expected for detecting 


+20 27 94 100 G 4 : 
Ly 18 63 50 ace elements. 
+204. 55 192 < 


The Analysts of Calette 


The calcite (CaCo,;) single crystal was in fact an optical component selected for its 
ultraviolet light transmission. In general, we use a laser wavelength of 266 nm in LIMA- 
2A and were still able to couple in its power effectively to vaporize and ionize a sample 
that transmits this light wavelength. The results obtained by integration of the areas 
under peaks to obtain the percentage of major constituents are shown in Table 4. 


TABLE 4 TABLE 5 

Element Ca% == C% 0% Ca% C% 0% 
Measurement 1 13.95 38.2 47.85 Experimental mean values 23.3 26.68 50.03 
Measurement 2 17.98 22.98 59.04 True composition 20 20 60 
Measurement 3 42.87 18.57 38.56 

Measurement 4 15.45 28.84 55.71 As the sample is stoichiometric (that is, 
Measurement 5 26.2 24.82 48.98 it contains 20% Ca, 20% C and 60% O), it is 


interesting to compare the mean values 
obtained from LIMA (Table 5). 
The relative sensitivity factors generated from these measurements are shown in 
Table 6 normalized to carbon. Also shown in Table 6 are the calibration coefficients 
generated from our glass measurements renormalized to carbon. 


TABLE 6 These results, limited as they are, 
show some promise regarding transfer 

Element Ca C 0 of relative calibration coefficients 

Relative sensitivity factor 0.87 1 0.62 between different systems; further 


work is currently under way. 


normalized to carbon : 
Relative sensitivity factor 1.07 1 0.73 The spect ran produced: st the high 

from glass normalized laser power densities required to 

Fs ceahot -18.7 0 “15 ionize these samples efficiently still 


show clean, sharp peaks, which demon- 
eo ————__ strates that the time-of-flight 
analyzer used in LIMA can compensate adequately for the large spreads in ion energy 
produced under such conditions. 

Figure 6 shows a typical high-sensitivity spectrum from the calcite sample. The 
abundance sensitivity of the LIMA technique (that is, in simple terms, the ability to 
detect a small peak close to a large peak) is demonstrated. For example, the Ca?" 4s 
approximately 6 ppm, whereas the Ca*4 and Ca*® are present at approximately the 4395ppm 
and 369ppm levels, respectively. More impressive, O17 present at 222 ppm is resolved next 
to the main 60% 0! peak. 


% difference 


Summary 


It has been demonstrated that use of a suitable standard enables LIMA analysis to be 
quantified to accuracies of about 10%. Trace levels can also be determined to around a 
factor of 2 at the 100ppm level. In some circumstances, unknown calibration coefficients 
have been successfully inferred from plots of known data against ionization potential. 
Finally, we tentatively suggest that relative sensitivity factors can be successfully used 
in systems physically different from that in which they were generated. 
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A COMPARISON OF TWO TRANSIENT RECORDERS FOR USE WITH THE LASER MICROPROBE MASS 
ANALYZER 


R. A. Fletcher and D. S. Simons 


In the Laser Microprobe Mass Analyzer (LAMMA); a transient waveform recorder is used to 
capture the mass spectrum produced in a time-of-flight mass spectrometer from a single 
pulsed ionization event. The recorder has the characteristics of a digital oscilloscope. 
It incorporates a fast analog-to-digital converter combined with a large memory for storage 
of the digitized waveform. The transient recorder is the key component that permits high 
sensitivity to be achieved simultaneously for muitiple elements in the LAMMA. 

The recorder originally supplied with the LAMMA instrument has an A/D converter with a 
maximum digitization rate of 100 MHz, bandwidth of 25 MHz, a nominal resolution of 8 bits, 
and a memory capacity of 2048 locations (2 Kbytes).? The full mass range of elemental 
ions is dispersed over a time interval of about 70 us under standard operating conditions. 
Therefore, only a small portion of the mass spectrum (approximately 20 us) can be stored 
at the maximum digitization rate. 

Slower digitization rates can be selected, but they reduce the density of data points 
that define individual peaks in the mass spectrum. 

Recently, a new generation of transient waveform digitizers has become available that 
offers modular design based on the CAMAC standard, improved dynamic performance, and 
expanded memory. The purpose of this article is to evaluate one of these new recorders 
and to compare its performance to that of the original recorder for use in the LAMMA 
instrument. 


Experiment 


The new transient waveform recording system has the following characteristics. There 
are two independent recording channels, each with a full-scale sensitivity range adjustable 
between 50 mV and 2.5 V. Each channel has a maximum digitization rate of 100 MHz, band- 
width of > 100 MHz, a nominal amplitude resolution of 8 bits, and a memory capacity of 
32 768 storage locations (32 Kbytes). Because the major difference in specifications 
between the original and the newer transient recorders is in memory size, we refer to them 
as 2Kb and 32Kb recorders for the remainder of this paper. 

The first experiment involved analyzing missing output codes in the A/D converter 
using the histogram test.> In this test, a full-scale sine wave of known frequency is 
sampled by each transient recorder and the digitized waveform level is collected over many 
cycles. A histogram is then produced that gives the relative probability of occurrence of 
the 256 amplitudes. The results of the histogram test for the 32Kb recorder are presented 
in Fig. 1 for (a) 100 kHz, (b) 1 MHz, and (c) 10 MHz input frequency. Both 2Kb and 32Kb 
recorders have an increase in lost codes for increasing slew rates, but in the 2Kb recorder 
approximately 90% of the codes are missing for the 10MHz input.? The 32Kb recorder is 
missing less than 10% of the codes at this frequency. This result implies a dynamic 
amplitude resolution of more than 7 bits, whereas the 2Kkb recorder has been shown to have 
only 4-bit resolution under the same conditions.? The rise time of mass peaks obtained 
on the LAMMA have nearly a 1O0MHz slew rate and missing codes in the transient recorder 
translate to loss of precision for peak height and isotopic ratio measurements on the 
instrument. The conclusion is that the 32Kb recorder should be able to digitize the 
pulse waveforms that make up the mass spectrum of the LAMMA more accurately. 

In the three experiments to follow, the two recorders were made to collect in a 
simultaneous manner the waveform produced by the ion detector in the LAMMA 500. The 
sample used in this comparative study was a sputtered glass film containing oxides of 10 
elements (similar to a zircon) at various weight percentages which produce positive-ion 
mass spectra with m/z values ranging from 1 to 270. 

One can expand the dynamic range for recording a spectrum by utilizing two independent 
channels of the 32Kb transient recorder operating with different gain settings. The 


digitization rate was 10 ns/sample and only 8192 bytes of data (approximately 80 us) per 


The authors are in the Center for Analytical Chemistry at the National Bureau of 
Standards, Gaithersburg, MD 20899. 
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FIG. 1.--Histogram test results for 32Kb FIG. 2.--Same mass spectrum sampled by two 

transient recorder: (a) 100 kHz, (b) 1 MHz, 32Kb recorder channels operating in parallel: 

(c) 10 MHz sine wave input. 1 V full-scale sensitvity, (b) 0.1 V 
sensitivity. 


channel were saved. Figure 2 shows a 2 Kbyte portion of the mass spectrum recorded simul- 
taneously by the two channels. Spectrum (a) collected at 1 V full scale shows the iso- 
topes of Zrt+ and ZrO+ with only a small indication of the presence of Hf* for the glass 
sample. (Zr is present with approximately 15 times the abundance of Hf.} Figure 2(b) 
shows the same spectrum at 10x gain in sensitivity. The Hf" peaks are clearly present; 
the Zrt+ and ZrO+ species are off scale. 

The main advantage of the 32Kb transient recorder is that a very large portion of the 
mass range can be recorded at the maximum digitization rate of 100 MHz. With the use of 
only the 8 Kb memory fraction and the highest digitization rate, spectra containing all 
the elements from hydrogen to uranium (actual mass of m/z 0 to 367) can be recorded from 
a single laser ionization event. The upper limit can be increased to m/z > 5000 when the 
entire 32 Kbytes of memory are used. The larger memory should be useful for those doing 
molecular organic LAMMA analysis, where m/z can be quite large. The 2Kb recorder must 
have a digitization rate of 20 MHz (50 ns between samples) to gather the full elemental 
mass range (m/z 1 to 300). A spectrum from the zircon glass film was recorded simul- 
taneously at the same input sensitivity by the 2Kb recorder operated at a digitization 
rate of 20 MHz and by the 32Kb recorder at 100 MHz. Figure 3 shows a comparison of the 
spectra from the two recorders over a limited mass range. The five times longer time 
between samples of the 2Kb recorder shown in Fig. 3(a) results in very poor peak shape 
(due to the lack of point density), often with only one data point per peak, and can lead 
to large errors in peak amplitude measurements. Compare m/z 79, 83, and 84 on both 
frames of Fig. 3 to see an example of amplitude error. On the other hand, the 10ns samp- 
ling rate of the 32Kb recorder does not suffer from this problem, since there are suffi- 
cient data points to define a peak. 
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FIG. 3.--Expanded mass spectrum segment: 
(a) 50ns sampling rate of 2Kb recorder, 
(b) 10ns sampling rate of 32Kb recorder. 
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FIG. 4.--The same mass spectrum segment 
collected by (a) 2Kb recorder and (b) 
32Kb recorder for both devices operating 
with 10ns sampling rate. 
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A further comparison was made between 
the 2Kb and 32Kb recorders operated at the 
same gain and same digitization rate of 100 
MHz. As above, a LAMMA signal was simul- 
taneously recorded in both digitizers. 
Under these conditions the 2Kb recorder can 
only capture a limited portion of the mass 
spectrum, the onset of which can be con- 
trolled by a variable trigger delay. 

Figure 4 shows a comparison between the two 
recorders for the high-mass region of the 
zircon glass film. We have observed that 
specific peak intensities from the 2Kb unit 
are lower than corresponding peaks , found in 
the 32Kb spectrum (for example, UO m/z 254 
in Fig. 4). It is likely that this apparent 
biasing is related to the high percentage 
of missing codes and few available ampli- 
tude levels for the 2Kb recorder when the 
input signal has a high slew rate. 

Another observation from Fig. 4 is that 
the apparent amplitude of baseline noise is 
larger for the 32Kb recorder, most likely 
because of its higher frequency bandpass 
compared with the 2Kb recorder. 


Coneluston 


Two different transient recorder systems 
have been compared for use with the Laser 
Microprobe Mass Analyzer. Although both 
are capable of providing similar informa- 
tion in a qualitative mode, the larger 
memory, modular design, and better high- 
frequency performance of the 32Kb recorder 
offer substantial advantages for quantita- 
tive work. In addition, with the newer 
recorder no trade off between digitization 
rate and range of mass spectral coverage 
need be made. 
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ISOTOPIC MEASUREMENTS WITH A REFLECTION-GEOMETRY LASER IONIZATION MASS SPECTROMETER (LIMS) 
Filippo Radicati di Brozolo and R. W. Odom 


This communication presents the results of an evaluation performed in our laboratory of 
the isotope ratio measuring capabilities of a Laser Ionization Mass Spectrometer (LIMS) 
(Model LIMA 2A, Cambridge Mass Spectrometry, Ltd., Cambridge, England).* The elements 
investigated in this study include Li, Ti, Mo, and W. The isotope ratios for these four 
elements were evaluated over a range of laser power densities, and hence ion signal inten- 
sities. The results show that the reflection geometry LIMS can provide reproducible 
isotopic ratio measurements (relative standard deviations on the order of +10%) for these 
elements, and the errors in accuracy of the measured isotopic ratios range from a few per 
cent to approximately 50%. 

Since isotopic analysis should be entirely free of matrix-related effects, quantita- 
tive results should be obtained directly from peak intensities, after correction for 
obvious instrumental effects. 

We have measured the isotopic composition of these four elements because they cover a 
wide range of atomic weights. The sample materials analyzed included Li,CO; and spodumene 
(LiA1[Si,0¢]; approximately 3% by weight Li); metallic alloys for Ti and Mo; and pure W 
metal. 

The laser power density was adjusted for each sample so that the intensity of the major 
isotope signal was ~25% below the saturation level of the detection system. This level 
corresponds to a peak signal amplitude of approximately 1.4 V. For Li the variability in 
signal intensity from shot to shot was quite large, as will be discussed later. The ion 
signal intensities used for the isotope ratio calculations were the integrated peak areas 
for each isotope. 

Table 1 presents the average isotopic composition of each of the elements investi- 
gated, along with absolute and relative standard deviations (RSD) of these measurements. 
The accepted or true isotopic ratios are also listed, along with the fractional deviation 
of the measured versus the true isotopic value (iy, - I4)/It, where Iy and It are the 
measured and true isotopic ratios, respectively. These results are also illustrated in 
Fig. 1, in which the measured isotopic ratios normalized to true values are plotted for 
each of the isotopes. 

The Li results are tabulated separately for the two samples, spodumene and Li,CO;, 
since the differences in isotopic composition among natural samples are quite large, and 
hence there is no preferred "true" isotopic composition. If the true °Li/’Li isotopic 
ratio for spodumene is assumed to be 0.08182 + 0.00033,? then the fractional deviation for 
this sample is +0.066 (+6.6%). The Li,CO; sample, obtained from D. S. Simons of NBS, is a 
"working standard" with a true °Li/’Li isotopic ratio of 0.0832, and the calculated frac- 
tional deviation for our measurements is also 0.066 (6.6%). 

The reference isotopic values for the heavier elements are taken from the NBS Tables. 

The Li data show a discrimination in favor of the °Li isotope. This effect can be 
attributed to the inherent mass-dependent discrimination of the electron multiplier, which 
exhibits higher detection sensitivity for higher-velocity ions. This electron multiplier 
mass discrimination for constant energy ions favors the lighter ions by a factor propor- 
tional to (m,/m,)* 2 where m; and m, are the masses of the heavy and light isotope, 
respectively. For the case of the Li isotopes, this factor equals 1.08 or an 8% discrim- 
ination in favor of detection of °Li, which compares well with the measured discrimination 
of 6.6%. The RSDs of the Li isotope measurements are 9.1% and 13.4% for Li,CO, and spodu- 
mene, respectively. 

The Li isotope ratios were also determined as a function of the 7Li ion intensity in 
order to evaluate the. possibility of a nonlinear response of the electron multiplier to 
various ion signal intensity levels.? The results of this investigation are illustrated 
in Fig. 2, which shows the measured Li isotopic ratio versus the ’Li peak area intensity. 
The data points inthe high-intensity region (Category I data} show an essentially constant 


Authors Radicati di Brozolo and Odom are at Charles Evans § Associates, San Mateo, 
CA 94402. 
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TABLE 1 


Tha (Li,00,) 
7. 
Li (spodumene) 


4855 


98 M0 


184, 


a 
Number of measurements. 


2 0887+ .0081 
208722.0117 


2082 
0078 +.017 
2065 +.012 
2058 


»562 
2369 +.045 
2629 +.049 
661 +.074 
0405 +.042 
~370 


00222 .0014 
0741 2.060 
2378 +.039 
2-891 +.060 


+.013 


+.012 


+.045 


+.032 


Isotope ratio value accepted in the literature. 


c : ; ; : 
Fractional error in measured isotope ratio; see text. 
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FIG. 1.--Measured isotopic ratios of Li, 
Ti, Mo, and W., normalized to true iso- 
topic ratios. Without discrimination, all 
normalized isotopic ratios would fall on 
reference line. 
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FIG. 2.--Measured °Li/’Li as function of 
7Li signal intensity (arbitrary units); 
most intense signals correspond to 7500 
ions at the detector (see text). Horizon- 
tal dashed line indicates "true" ®Li/7Li 
ratio. 
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ay tt ratio within our experimental error. Category II data show a larger dispersion, 
which reflects primarily the poorer counting statistics for these weaker ion signals, but 
show no systematic difference from the Category I data. Category III data exhibit very 
large dispersion and data were not included in the computation of results in Table 1. Our 
data demonstrate that the response of the LIMA 2A electron multiplier is approximately 
linear with signal intensity, over a range of two orders of magnitude. 

The Ti isotopic ratios, normalized to *8Ti, are uniformly low and lie outside the lo 
error limits except for the *STi/*®Ti ratio. This deviation from the true values cannot be 
attributed to a mass-dependent electron multiplier discrimination. The RSDs for these 
isotopic measurements range between 16% and 22%. The data show an overrepresentation of 
“87 which might be explained by an interfering molecular or cluster ion at nominal mass 
48. For this sample the most likely interference would be the 0,* ion. However, the mass 
spectra do not show significant Oo* or 0,* peaks, and hence the Os" ion intensity is 
assumed to make a negligible contribution to the mass 48 ion signal. 

The Mo isotopic abundances agree with the accepted values except for the **Mo/?®Mo 
ratio. As was the case for the Ti isotopes, this deviation cannot be explained by an 
electron multiplier mass discrimination. The good agreement between measured and accepted 
values for the other isotopic ratios precludes considering a spectral interference that 
would overrepresent the °®Mo ion over the ?2Mo ion. The RSDs of the Mo isotopic ratios 
lie between 8% and 12%, which is significantly better than those observed for the Ti 
measurements. The improved precision must be at least partly due to the fact that Mo iso- 
topic ratios are much closer to unity than the Ti isotopic ratios. 

The measured W isotopic ratios are all low relative to the true values, and the only 
ratio within lo of the true value is the +®°w/!®"*w ratio. The measured *®°w/*°*w ratio is 
lower by approximately a factor of two than the accepted value and a detectable +°°W peak 
was observed in only about 50% of the measurements. Excluding the +®°w/*®*w ratio, the 
RSDs are between 7% and 10% and are the smallest observed in this work. At least part of 
this improved precision may be attributed to the fact that the W isotope ratios, with the 
exception of the 180w/18*w ratio, are close to unity. 

Two of the most important factors affecting the precision of the isotopic ratio meas- 
urements in these LIMS analysis are the ion counting statistics and dynamic digitization 
limitations of the transient recorder. The major isotope signals in our experiment were 
in general of the order of 1.4 V, which corresponds to ~7500 ions arriving at the electron 
multiplier. The Poisson statistical error for this signal is 11.2%. A 0.14V ion signal 
would have a counting error of %3.7%, and hence the RSD for a 1:10 isotopic ratic--e.g., 
SLA / tba or *67i/*®Ti--would be 3.9%. The errors in the precision of all isotope ratios 
measured in this work are significantly larger than the minimum value obtained from ion 
counting statistics alone, which indicates that errors of dynamic digitization in the 
transient recorder are very important. Simons* has discussed in detail these errors for 
another apparatus (LAMMA) equipped with a transient recorder similar in many respects to 
ours (Sony-Tektronix 390 AD), so that his conclusions should be directly applicable to 
our results. 

The Ti and W data suggest a systematic bias in the measurement, which favors the detec-~ 
tion of the major isotope. The Li data show a different bias, which favors detection of 
the lighter isotope, and which can be attributed to the electron multiplier mass discrim- 
jnation. The Mo data do not show a systematic bias, with the possible exception of the 
°2Mo/°®Mo ratio. The systematic overrepresentation of the major isotope in our experiment 
cannot be explained by an electron multiplier nonlinearity. The exact nature of the 
causes of such a phenomenon is not clear at this time; however, one possible source of 
error could be in the A/D conversion process in the transient recorder. We are investi- 
gating this potential source of error at present. 
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LAMMA/LIMA: A METHOD OF CONTROLLING THE LASER POWER AT THE SPECIMEN 
FOR MILD FRAGMENTATION OF ORGANIC MOLECULES 


F, W. Anderson, Hans Heinen, and J. N. Ramsey 


Laser ionization and subsequent mass spectroscopy of the fragments has been successfully 
used in a transmission mode as the LAMMA 500 for several years.* Recently its usefulness 
was extended to the reflection mode as the LAMMA 1000.2 Studies have been aimed at under- 
standing the differences in the fragmentation patterns between laser and electron impact 
jonization.? 

As has been stated earlier, the degree of fragmentation of a molecule controls the 
amount of useful information leading to molecular identification. As part of a particu- 
late contamination analysis problem, samples of cellulosic material and polypropylene 
were run on a LAMMA 1000. The spectra are shown in Figs. 1 and 2. The fragmentation has 
been so severe that it would be very difficult to reconstruct mentally the information 
into a molecular identity. Precise control and measurement of a very low laser power 
applied to the specimen is essential. Stable operation of the lasers requires a minimum 
power level. Crossed polarizers were used to reduce and control the power level at the 
specimen. However, the desired/required power levels were still lower. F. W. Anderson 
employed the through-focus series concept from his transmission electron microscopy exper- 
iments vis-a-vis the LAMMA. Defocusing reduces the energy density of the beam on the 
sample and allows irradiation of the sample without producing volatilization and ioniza- 
tion. Then, by progressively improving the focus and repeatedly firing the laser, one can 
go through initial desorption and soft ionization and fragmentation to the point of 
extreme fragmentation where the spectrum is not recognizable. The laser power is constant 
and stabilized but the power to the specimen is variable and controlled. Fragmentation 
recognizable by an experienced organic mass spectroscopist is made possible.*’° Figure 3 
shows the through-focus method; the preferred starting point is the lower case, with the 
beam focused below the surface. If it is focused above, the focal point can provide a 
hot spot that could further fractionate any vapor. 

This technique has been applied to five organics, well characterized by Electron 
Impact/Mass Spectroscopy (EI/MS): 


45 


Figure 4 shows the LAMMA 1000 negative spectrum from benzophenone, an aromatic ketone 
with a molecular mass of 182. The base peak by LAMMA is 183, probably from protonation by 
the abstraction of hydrogen from a second molecule of benzophenone. This process could 
occur because of the high sublimation pressure of benzophenone in the laser beam. Since 
the reaction would be pressure sensitive, possibly even lower laser power would eliminate 
the protonation and give the 182 peak. EI/MS also gives the 105 and 77 peaks. 

Figure 5 shows the LAMMA 1000 negative spectrum of rhodamine B, an indicator dye. 
Neither LAMMA nor EI detects the full molecule (478) because HCl is lost, giving a parent 
peak of 442. As indicated, all EI mass peaks are found in LAMMA along with many extrane- 
ous peaks, which might be confusing; however, experienced organic mass spectroscopists 
can see the pertinent peaks. The skill background required in the early stages of any 
analytical/characterization technique, especially for organics, is of a high level. 

Figure 6 shows the LAMMA 1000 negative spectrum for poly alpha methy styrene, an unzip- 
pable polymer (that is, it breaks apart sequentially as monomers). 

Figure 7 shows the LAMMA 1000 positive spectra of Irganox 1010 (Ciba Geigy®), a high- 
molecular-weight (1176), multifunctional anti-oxidant and thermal stabilizer. The LAMMA 
matches the EI spectra well, with the LAMMA giving additional information: the phenyl and 
benzyl ions suggest an aromatic compound. 

Figure 8 shows the LAMMA 1000 negative spectrum of glycerol monostearate, a monoester 
of glycerine used as an emulsifier and lubricant. As stated, the major EI peaks are also 
in the LAMMA spectrum. Of particular interest are the strong 358 and 340 peaks by LAMMA, 
representing a loss of If,0, typical of the rearrangement loss in alcohol or aldehydes; 


Authors Anderson and Ramsey are at IBM Corp., Hopewell Junction, NY 12533; author 
Heinen is at Leybold Heraeus, Cologne, Federal Republic of Germany. Given as a "late- 
breaking"! paper at the 1984 MAS meeting at Lehigh University, Bethlehem, Pa., in June 
1984, 
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These LAMMA successes (defined as recognizable to EI/MS) led 
the authors to try an unknown; a residue discovered after an 
etching and cleaning process in device manufacture. Figure 9 
showed the material to be nitrobenzene sulfonic acid. (Note the 
overlap of the two mass range spectra, with 157 on both.) 

Figure 10 shows the spectra from 1,4 diphenoxy benzene, a 
poly phenyl ether, taken recently on the LIMA by the defocused 
method _ as outlined above; again, recognizable fragments are pro- 
duced.° As expected, this result shows that the method is appli- 
cable to at least two makes of instrument. 


Conelustons 


Although it is evident that the spectra of these known 
organic materials contain recognizable fragments, there are many 
extraneous peaks beyond EI that add a great deal of uncertainty 
in the analysis of unknown organic materials. A considerable 
effort is required to understand this new and different means of 
ionization in order to sort out factors such as differences in 
positive and negative spectra, changes in fragmentation path, 
pressure effects, etc. The technique should be very useful for 
analysis of organics. 

This technique has been applied to five organics, well charac- 
terized by Electron Impact/Mass Spectroscopy (EI/MS): benzophenone 
(Fig. 4), rhodamine B (Fig. 5), poly alpha methyl styrene (Fig. 6), 
Irganox 1010 (Fig. 7), and glycerol monostearate (Fig. 8). 

These LAMMA successes (defined as recognizable to EI/MS) ‘led 
the authors to try an unknown (Fig. 9); and spectra from 1,4 di- 
phenoxy benzene are shown in Fig. 10. 
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FIG. 5.--LAMMA 1000 negative spectrum of rhodamine B, an indicator dye. Neither LAMMA nor EI 
detects full molecule (478) because HCl is lost, giving parent peak of 442. As indicated, 
all EI mass peaks are found in LAMMA along with many extraneous peaks, which might be confus- 
ing; however, experienced organic mass spectroscopists can see pertinent peaks. Skill back- 
ground required in early stages of any analytical/characterization technique, especially for 
organics, is of high level. 
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FIG. 6.--LAMMA 1000 negative spectrum for poly alpha methyl styrene, an unzippable polymer. 
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LASER MICROPROBE MASS ANALYSIS OF CARBONATE IN APATITE OF BIOLOGICAL CONCRETIONS 
P. F. Schmidt, B. Hagen, and D. B. Leusmann 


Well-established techniques for the study of biological concrements like urinary calculi 
are x-ray diffraction and infrared spectroscopy. X-ray diffraction is a useful method in 
the study of crystalline material and allows a quantitative estimation of the different 
constituents of stones. * An alternative method for stone analysis is infrared spectros- 
copy. This method demonstrates the major compounds (noncrystalline as well as crystal- 
line) and requires only a small sample.*’* But both methods are less precise in the 
identification of carbonate in apatite, especially if the carbonate content is low. More- 
over, no estimation of an inhomogeneous distribution of carbonate is possible. Therefore, 
we performed investigations with the laser microprobe mass analyzer (LAMMA). 

The aim of these investigations is to demonstrate the ability of laser microprobe 
mass analysis for the determination of the chemical compounds of human concretions, 
especially for the detection of carbonate in apatite and for the detection of oxalate. 
For this purpose, urinary calculi and standards of comparable chemical composition have 
been analyzed. 


Matertal and Methods 


The laser microprobe technique and infrared spectroscopy have been used for the anal- 
ysis of the standards and the urinary calculi. The laser microprobe mass analyzer (LAMMA 
500, Leybold-Heraeus) combines an optical microprobe with a laser source and a time-of- 
flight mass spectrometer. The light microscope allows observation of the various crystals 
and focusing of a short and intense pulse of a Nd-YAG-laser onto a selected area to be 
analyzed. This area is then evaporated and ionized. The ionized part of the evaporated 
material is analyzed in the time-of-flight mass spectrometer in which ions of different 
m/e ratios are discriminated according to their different flight time. Each laser shot 
can yield a complete positive or negative spectrum.° The standards and the stones were 
powdered and attached to a grid. The bars of the grids were covered with a specific 
adhesive, so that the small particles of the powder adhere on the grid. The small 
crystals were analyzed with laser light at grazing incidence on a visible edge. For an 
analysis LAMMA needs very small amounts of material: 10°*° g. 

The infrared spectra were registered by means of an infrared spectrophotometer from 
Beckman, Acculab 10, covering the range of 4000 to 250 cm “1. For this Study the potas- 
sium bromide pellet technique was used: 250 mg of KBr were thoroughly mixed with 1-2 mg 
of the sample and pressed to form a pellet. 


Results 


Reference Mass Spectra of Standards. To make an exact interpretation of the LAMMA 
spectra obtained from rena] stones possible, analyses of standards were first performed: 
CaO, Ca(OH),, CaHPO,, apatites like Ca,,(P0,),*°(OH), (hydroxyapatite) and 
Ca, ,(PO,°CO,°OH),* (OH), (carbonate apatite), MgNH,PO,*6H,0 (struvite) /CaCOz (carbonate), 
and CaC,0,*H,0 (calcium oxalate monohydrate: whewellite), and CaC,0,°2H,0 (calcium oxa- 
late dihydrate: weddellite). 

The LAMMA mass spectra of these standards were reproducible and were characteristic 
for the specific chemical compounds. With regard to the problem under discussion, we 
demonstrate typical mass spectra of calciumoxalate (CaC,0,°H,0) (Fig. 1) and calcium 
carbonate (CaCO,) (Fig. 2). The mass spectra show typical mass lines of the specific 
chemical compounds. Of great interest is the characteristic mass line at m/e = 60, repre- 
senting CO,;. By this mass peak the identification of carbonate apatite is possible, which 


is also demonstrated by the analysis of synthetic carbonate apatite (Fig. 3). This 
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spectrum shows that besides typical apatite mass lines, the carbonate mass line at 
m/e = 60 are also found. 


Stone Analyses. (a) Analyses of urinary calculi show that it is possible to identify 
various compositions of stones. For example, Fig. 4 shows a mass spectrum of an apatite 
stone. Besides organic mass lines originating from the organic matrix, mass lines 
(m/e = 57, 63, 72, 79) appear that are typical for phosphate. Figure 5 shows a mass 
spectrum of a struvite stone (MgNH,PO,°6H,0). Besides mass lines of phosphate the mass 
line m/e = 97 (NH,PO,) indicates struvite. These spectra are comparable with the spectra 
of the specific reference standards. 

(b) The LAMMA analysis of a mixed stone (70% apatite, 20% whewellite: calcium oxalate 
monohydrate), 10% weddellite (calcium oxalate dihydrate) demonstrates the occurrence of 
oxalate (m/e = 51 and 56) in an apatite (Fig. 6). 

{c) Figure 7 shows an infrared spectrum of an apatite stone. The broad absorption 
maximum at 1420 cm™* and a sharp peak at 875 cm" indicate the presence of carbonate. 

The corresponding LAMMA analyses result in an inhomogeneous distribution of carbonate. 
There are regions within the apatite without carbonate and regions with a high ion signal 
at m/e = 60 (CO;} (Fig. 8). 

(d) One of the advantages of LAMMA is shown by the analysis of a mixed stone: 30% 
struvite, 30% ammonium hydrogen urate, and 40% apatite, estimated by x-ray diffraction 
measurements. Figure 9 shows an infrared spectrum of this stone. In this case the iden- 
tification of carbonate is difficult due to the interference of the CO; band at 875 cm7!} 
with bands originated by ammonium hydrogen urate. Since LAMMA permits the light micro- 
scopical observation of the specimen, the several constituents of this mixed stone could 
be separated. Thus it was possible to analyze struvite monocrystals, ammonium acid urate 
crystals, and apatite spherulites. By this analysis LAMMA was able to demonstrate that 
only apatite spherulites contain carbonate. 

(é€) To get more information on the content in apatite we analyzed 7 different 
hydroxy-apatite stones (noninfection stones) and 7 different struvite stones. The stru- 
vite stones were grown in alkaline-infected urine (infection stones). From each sample 
100 analyses were performed. Since at present no absolute quantitation is possible we 
used a relative quantitation® by referring the ion signal of COs (In/e=pqQ) to the ion 
Signal of PO, (In/e=63) - The results of these evaluations are given in Fig. 10. The 
carbonate content of infection stones is higher than the carbonate content of noninfec- 
tion stones. 

(f) Analyses of the organic matrix of stones demonstrate no mass peak of carbonate, 
so that the detected carbonate is incorporated into the apatite. 


Conelustons 


The detection of carbonate in apatite as well as the mechanisms for incorporation of 
carbonate into apatite have been the subject of many investigations.® Isolated Ca- 
carbonate was formerly supposed to be present in urinary calculi. Today, two mechanisms 
are assumed for incorporation of carbonate ions into apatite: Type A carbonate apatite 
means the incorporation of carbonate ions into the hydroxyl position;* Type B carbonate 
apatite, the replacement of phosphate by carbonate ions.*° With regard to urinary 
calculi a pH-dependent variable supply of bicarbonate ions (HCO, ) is responsible for the 
incorporation of carbonate in apatite. During an urinary tract infection with urea- 
splitting bacteria, where CO, and NH; is set free, an alkalic urine is formed by 
hydrolysis of CO,~. Conditioned by the resulting high concentration of HCO,°, the apa- 
tite formed in such an environment contains a large amount of carbonate (carbonate 
apatite). 

In the mildly acid pH region, nearly no free bicarbonate ions exist. Therefore, apa- 
tite crystals grown in urine not infected by urea-splitting bacteria contains only very 
small amounts of carbonate (hydroxyapatite). For these reasons one can distinguish 
between hydroxyapatite and carbonate apatite; the latter is regarded as pathognomonic 
for urine infected by urea-splitting germs. 

It is possible to discriminate between hydroxyapatite and carbonate apatite by infra- 
red spectroscopy, which is limited only on its capability for detecting minor components 
in mixed stones.** 

For several years Raman spectroscopy (laser molecular microprobe, MOLE) has been also 
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FIG. 7.--Infrared spectrum of apatite stone. Broad absorption band at 1430 cm” 
indicate presence of carbonate. 
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FIG. 9.--Infrared spectrum of mixed stone: 30% struvite, 30% ammonium hydrogen urate, 
40% apatite. Due to interference by bands of ammonium hydrogen urate no estimation of 
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applied to the analysis of urinary calculi. 
MOLE can be used for the analysis of very 
small samples and for the study of the 
molecular and crystalline structure of 
isolated microcrystals of stones.?? 

Our investigations have shown that 

LAMMA can be used for the study of the 
molecular structure of urinary calculi. 
All demonstrated spectra are spectra of 
negative ions. But LAMMA also makes it 
feasible to analyze cations, so that it 
is easy to detect elements of concre- 
tions in major as well as in trace con- 
centrations.+* This method also allows 
the distinction between hydroxyapatite and 
carbonate apatite. One advantage of LAMMA 
is given by the optical selection of 
crystals, so that it is possible to ana- 
lyze small isolated crystals. Thus it 
could be demonstrated that carbonate is 
incorporated into apatite spherulites. 
Furthermore, by relative quantitation it 
could be shown that the carbonate con- 
tent in infection stones was increased. 
Up to now an absolute quantitation has not 
been accomplished. Investigations of the 
ability of LAMMA for the study of crystal- 
line structure are in progress. 
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THE USE OF LASER MICROPROBE MASS ANALYSIS FOR NICKEL SPECIATION IN INDIVIDUAL PARTICLES 
OF MICROMETER SIZE 


I. H. Musselman, R. W. Linton, and D. S. Simons 


The laser microprobe mass analyzer (LAMMA) is capable of analyzing single inorganic parti- 
cles of micrometer size. Under favorable conditions, the mass spectra exhibit a high abun- 
dance of polyatomic or cluster ions in a unique "fingerprint" pattern that can be used for 
the identification of compound stoichiometry.+~* In this study, positive and negative 

ion mass spectra of micrometer-sized particles of five nickel compounds were examined to 
determine the feasibility of nickel speciation by LAMMA. One species of particular impor- 
tance in environmental chemistry applications is nickel subsulfide (Ni,S,). The subsul- 
fide is a potent animal carcinogen presumed to be a human carcinogen upon inhalation. An 
ultimate objective is to use LAMMA, in concert with other analytical microprobe and separa- 
tions techniques, to characterize the various nickel compounds, including the subsulfide, 
in airborne particles from stationary pollution sources. 


Expertmental 


Micrometer-sized particles of nickel metal (Ni°) and the Ni-containing compounds nickel 
oxide (NiO), nickel sulfate heptahydrate (NiSO,*7H,0), nickel sulfide (NiS), and nickel 
subsulfide (NizS,) were mounted on Formvar-coated TEM grids and analyzed by use of a Ley- 
bold-Heraeus Laser Microprobe Mass Analyzer, LAMMA-500.° A detailed description of the 
instrument is provided in the literature.®° ® The frequency-quadrupled Q-switched Nd-YAG 
laser (A = nm, t = 15 ns) was focused onto the sample through a 32x optical microscope 
objective with the aid of a continuous He-Ne laser beam. All spectra were collected and 
digitized by Biomation model 8100 transient recorders at the 20ns-per-channel time scale. 
The influences of various instrument operating conditions, such as laser power, were charac- 
terized to assess and optimize the possibility of distinguishing the nickel compounds by 
their characteristic cluster ion "fingerprint" spectra. Positive and negative ion mass 
spectra of each compound were also obtained and compared. 

As a further attempt to distinguish the NiS and Ni,S, compounds, the laser power was 
increased to maximize fragmentation by use of a Nd-YAG amplifier rod. The S*+/Nit intensity 
ratios for various nickel isotopes were examined to determine whether they would reliably 
reflect the inherent stoichiometry difference between NiS and Ni;zS,. 


Diseusston 


Postttve Ion Mode. Representative positive-ion LAMMA spectra of nickel metal and four 
nickel compounds are given in Fig. 1. With the exception of NiS versus Ni S , each nickel 
species produces a unique "fingerprint" spectrum using instrumental conditions to promote 
the formation and detection of polyatomic or cluster ions. Table 1 summarizes the compari- 
son of the spectra of nickel metal, nickel oxide, nickel sulfate heptahydrate, nickel 
sulfide, and nickel subsulfide obtained under three conditions. By use of only a few 
select atomic/cluster ions, one may differentiate four of the five nickel species. 

Six positive-ion LAMMA spectra were obtained from nickel metal, nickel oxide, nickel 
sulfate heptahydrate, nickel sulfide, and nickel subsulfide at low laser power conditions. 
The spectra are compared in Table 1A. Nickel metal is identified by the presence of Ni* 
and Ni,* without oxygen or sulfur-bearing clusters, whereas nickel oxide has an additional 


Author Musselman is doing her thesis research at the National Bureau of Standards while 
a graduate student at the University of North Carolina. Author Linton is an Associate Pro- 
fessor of Chemistry at the University of North Carolina. Author Simons is a Research Physi- 
cist at the National Bureau of Standards, Gaithersburg, MD 20899. 
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peak for the cluster ion Ni,0*. Nickel sulfate heptahydrate is readily distinguished by 
: the presence of both the Ni,0* and Ni,S* ions. Nickel sulfide and nickel subsulfide are 
: differentiated from nickel metal, nickel oxide, and nickel sulfate by the presence of the 
NiS,* ion and the absence of the Ni,0* ion. 

Six positive-ion LAMMA spectra of nickel metal and the four compounds were also 
obtained at a higher laser power (Table 1B}. As expected, the formation of lower-mass ions 
was favored at higher laser power, whereas the higher-mass ions were more abundant at lower 
laser power. The spectra of four of the five nickel species are also unique at this higher 
laser power. The distinguishing ions for nickel metal, Nit, and nickel oxide, Ni* and 
Ni,0°, are the same as at the lower laser power. The nickel sulfate heptahydrate spectrum 
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is unique in the presence of the SO* ion. Both the nickel sulfide and nickel subsulfide 
spectra exhibit sulfur-containing peaks such as S* to distinguish them from nickel metal 
or nickel oxide, and the absence of the SO*+ and NiOt ions to differentiate them from 
nickel sulfate heptahydrate. 

As is illustrated by Tables 1A and 1B, the positive-ion spectra of nickel sulfide and 
nickel subsulfide are qualitatively indistinguishable under both laser power conditions. 
Indeed, both compounds yield the same atomic/cluster ions including S*, Nit, NiSt, Ni2S*, 
Ni,S*, and Ni;S,*. 


TABLE 1 
A. Positive Ions Detected at Low Laser Power 


wit Nis,* Ni,o” Ni,s* 
Sample 
ni? X —_ -- -- 
Nio x -- X -- 
Niso, 7H50 X +> Xx xX 
Nis x x == 4 
N1,S, x Xx “= X 
B. Positive Ions Detected at High Laser Power 
s* so* nit Niot Ni,o* 
Sample 
ni? -- -- x -- -~ 
NiO -> = »¢ 1 X 
N1S0, 7H,0 x xX x x X 
NiS X oated Xx == 2 
Ni,s. x -- X -- -- 


C. Negative Ions Detected at High Laser Power 


Ni7 S, /SO, NiO HSO Nis 
Sample 2 2 4 2 
Ni? X -- -~ -- -- 
NiO X -- x =e — 
N1S0,°7H.,0 4 x 4 x ater! 
Nis 1 Xx = aad xX 
N1,S, -- X -~ -- X 


X = presence of ion in 6 out of 6 spectra 
-~ = absence of ion in all spectra 
number = number of times ion appeared in 6 spectra 
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The numbers in Table 1 refer to the number of times the ion appeared in six spectra. 
The fact that some ion species were only occasionally observed suggests that the magnitude 
of the ion signal borders on the detection limit of the instrument. 


Negative Ion Mode. Six negative-ion LAMMA spectra each of nickel metal, nickel oxide, 

nickel sulfate, nickel sulfide, and nickel subsulfide were obtained. Four of the five 
species produce a unique fingerprint LAMMA spectrum, as is illustrated by selected ions in 
Table 1C. Nickel metal is differentiated from the other compounds in that it shows only a 
characteristic peak for Ni7~. Nickel oxide is distinguished by the existence of a peak for 
NiO” in addition to the Ni~ ion and by the absence of all sulfur-containing peaks. 
Although the spectrum of nickel sulfate heptahydrate is complex, the formation of the HS0,7 
ion is unique to the compound. Analogous to the positive-ion results, negative-ion spectra 
of nickel sulfide and nickel subsulfide are qualitatively identical. Both compounds yield 
peaks for S~, SO-, S,/SO,~, NiS”, NiS,~, NiSs , Ni,S, , Ni,S,;_, and Ni,S,°. 


Peak Intensity Rattos. In an effort to differentiate the positive-ion spectra of nickel 
sulfide and nickel subsulfide, a laser amplifier rod was used to increase the maximum laser 
power by a factor of ten. It was hoped that the use of very high laser power would produce 
complete fragmentation and create only Ni* and S* elemental ions. This was generally the 
case. Positive-ion spectra were obtained from twenty vlum particles of each compound. 
Sulfur-to-nickel ratios along with the mean ratio and standard deviation of the mean were 
calculated for each compound . The results for this data set (Table 2} indicate that the 
mean of the ion ratio ?*St/°°Ni* may be used to distinguish the nickel sulfide and nickel 
subsulfide compounds at the 95% confidence level when at least twenty particles of each 
compound are analyzed. The magnitude of the standard deviation of the means for the ion 
ratios °*s*/*®*Nit and 25% [8 ONG do not permit the distinction. Although one can differen- 
tiate multiple sets of the nickel sulfide and nickel subsulfide spectra using the mean of 
the °*St/°8nit ion ratio, the data do not show a sufficient difference to permit a distinc- 
tion to be made between the two compounds based on the spectrum from a single particle. 
This is the case even though the two compounds do have a factor of 1.5 difference in the 
sulfur-to-nickel atom ratios (NiS: 1/1, Ni;S,: 2/3). 

In addition, twenty positive-ion spectra were obtained from both the nickel sulfide and 
nickel subsulfide samples at low laser power to promote the formation of cluster ions. The 
ratios of various cluster ion peak integrals were plotted versus the integral of a nickel 
elemental isotope for both compounds. Preliminary results indicate that the slopes of a 
linear fit to these plots appear to be sufficiently different to serve as an indicator with 
which to differentiate these two nickel compounds. The difference in the slopes of these 
plots may reflect a difference in the formation mechanism of the same cluster ions from the 
two compounds. Additional experiments are being conducted to test this possibility further. 

The difficulty in quantitatively distinguishing the spectra of nickel sulfide and 
nickel subsulfide from various nickel-sulfur intensity ratios has several possible explana- 
tions. Variability in energy deposition due to differences in particle size and shape, 
laser focus, and laser pulse energy result in nonreproducible spectra and are reflected in 
the standard deviation of the mean.® Michiels and Gijbels observed a similar phenomenon in 
the analysis of titanium oxides.? They found that compound stoichiometries could be 
distinguished only when differences between the 0/Ti ratios were large, e.g., 2, such as in 
the compounds TiO, and TiO. In this case, the difference in the ion intensity ratios is 
significant despite the inherent problems with spectral reproducibility. However, when the 
O/Ti ratio differed by only a factor of 1.5, overlap in the oxide ratios did not allow com- 
pound stoichiometry to be distinguished. It is likely that there are also interparticle 
variations in composition for the individual particles analyzed. The vendor of the nickel 
subsulfide sample specified that the sample exists as a pure phase as determined by bulk 
x-ray diffraction measurements. However, background-corrected x-ray intensity ratios of 
nickel subsulfide particles, from the same sample source as used for the LAMMA measure- 
ments, suggests that the nickel subsulfide sample is inhomogenous on the micro-scale.? 
Although not critical for distinguishing compounds that produce different cluster ions, the 
extent of sample microhomogeneity appears to be especially important for differentiating 
the nickel sulfide and nickel subsulfide compounds which contain the same elemental and 
cluster ions in their mass spectra. Therefore, it is believed that instrumental effects of 
the LAMMA as well as variations in particle composition contribute to the standard devia- 
tions of the ion intensity ratios (Table 2). The relative contributions of these two 
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effects will be better assessed after experiments to determine the extent of the micro- 
homogeneity of both the NiS and NizS, samples are completed. 


Conelustons 


Laser microprobe mass analysis isa useful tool for distinguishing nickel metal, nickel 
oxide, and nickel sulfate from nickel sulfide and nickel subsulfide. Each of the nickel 
samples exhibits diagnostic ions in its characteristic positive and negative "fingerprint" 
spectra. However, the positive and negative ion spectra of nickel sulfide and nickel 
subsulfide are qualitatively identical. The difficulty in differentiating the nickel sul- 
fide and nickel subsulfide spectra using positive atomic ion intensity ratios as a reflec- 
tion of compound stoichiometry is related to variations in laser power deposition and 
possible inhomogeneity in sample composition. 
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TABLE 2 
325+ /62y5+ 326+ /60ni+ 326t /58n it 

Ni,S, Mean 6.94 1.66 0.95 
Std. Dev. of Mean 0.31 0.08 0.06 
Rel. Std. Dev. 4.5% 4.8% 6.3% 
NiS Mean 6.53 1. 26 0.60 
Std. Dev. of Mean 0.74 0.14 0.06 
Rel. Std. Dev. 11% 11% 10% 
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Detectors and Instrumentation Developments 


Si(Li) DETECTORS, DEAD LAYERS, AND INCOMPLETE CHARGE 
D. C. Joy 


Si(Li) x-ray detectors have now been in wide use for nearly two decades but surprisingly 
little attention has been paid to the way they behave. In general it is assumed that the 
efficiency of the detector is determined at low energies by the properties of the window in 
front of the detector, and at high energies by the transmission of photons through the de- 
tector. However, careful examination of low-energy x-ray peaks shows significant deviations 
from the expected Gaussian shape. The low-energy tail on the peak indicates that the detec- 
tor is not collecting with complete efficiency all the charge produced by the photons. The 
distortions due to incomplete charge not only cause problems in the determination of peak 
integrals but also lead to anomalies in the background. This paper examines how this effect 
can occur, and describes a model to calculate the magnitude of the incomplete charge and its 
energy distribution across a spectrum. 


The Dead Layer 


Conventionally the Si(Li) detector is viewed schematically as a p-i-n diode (Fig. 1). 

The active portion of the diode consists of the p-type front face and the intrinsic region. 
Because of the high resistivity of the intrinsic material, and the bias applied across the 
diode, the whole intrinsic region (which may extend for several millimeters) can be space- 
charge depleted. The p-type region is of much lower resistivity and is therefore only de- 
pleted in the immediate vicinity of the junction. The n* region insures a fully ohmic back 
contact. A photon of energy E entering the diode transfers its energy to a photo-electron 
in a single event. This electron in turn travels through the semiconductor generating elec- 
tron-hole pairs, the total number n of which for each photon is 


i E/e on (1) 


where €,, is the energy required to generate one electron hole pair (about 3.6 eV in sili- 
con). These carriers having opposite charge are separated by the bias field and move 
through the material. The diode behaves as a capacitance C and so the voltage pulse AV 
sensed by the external circuit is 


AV = (nq)/C (2) 


where q is the electronic charge. (Note that the use of the intrinsic material also reduces 
the capacitance and hence maximizes AV.} The pulse produced should therefore be linearly 
proportional to the energy of the photon, provided that ail the charge is collected. 

The incomplete charge is the result of the presence of a neutral (i.e., not space-charge 
depleted) region between the surface and the junction, a zone usually referred to as the 
"dead layer.'' Conventionally this dead layer is thought of as resulting from the materials 
processing required to form the diode; the result is a damaged layer several thousand Ang- 
stroms deep below the surface. Carriers produced within the intrinsic region are collected 
with 100% efficiency, but electron-hole pairs generated in the dead layer must diffuse 
through the dead layer to reach the junction at depth DL. If the minority carrier diffusion 
length is L then the collection probability for a carrier produced at depth Z is 


exp[-(Z - DL)/L] (3) 


Author Joy is with ATT Bell Laboratories, Murray Hill, NJ 07947. 
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For all except the trivial limiting case where L is infinite any carriers produced in the 
dead layer will therefore contribute to the incomplete charge, the magnitude of which will 
depend on the values of DL and L. 

Although it is certain that the fabrication procedure does adversely affect the proper- 
ties of the detector it was pointed out by Goulding that the experimentally determined val- 
ues of the dead layer thickness always appeared to be in the range 0.2 to 0.3 um for detec- 
ors operated at liquid-nitrogen temperatures regardless of the details of the processing.} 
More significant, dead~layer thicknesses obtained for the same, or a similar, detector op- 
erated at room temperature were typically only a few hundred Angstroms. Goulding explained 
this paradox by proposing that the dead layer was not the result of processing, but an in- 
herent attribute of the detector. In this model charge carriers may diffuse to the surface 
of the detector, and be lost, before their drift velocity in the electric field removes them 
from the vicinity of the surface. If the electron mobility is yu, the diode temperature is 
T, and k is Boltzman's constant, then the average diffusion distance in time t is 


(kTut/q) 2 (4) 


and the drift distance in the electric field is 
VT @) 


where Vs is the saturation carrier drift velocity. Assuming that carriers might be lost if 
the diffusion distance exceeds the drift distance it is reasonable to equate the "dead- 
layer" thickness DL to these two values 


L 
Dinas (kTyt/q) ? (6) 
Eliminating t then gives 
DL = (kTu/qV.) (7) 


Substituting for these variables using standard values for silicon at 77 K (u = 4 x 10° 

cm’ /V/s, Vs = 10’ cm/s) gives DL = 0.28 ym, which is right in the range of experimentally 
determined values. Furthermore, since Ut varies as about 1 a eka DL at room temperature is 
predicted to be about 500 A, again as observed. This analysis is somewhat oversimplified, 
and also requires the assumption that the depeletion layer extends to the front face of the 
detector, but the result is suggestive and indicates that the detector physics must be con- 
sidered in any analysis of the dead layer and its effects. 


Modeling the Detector 


The model used here to compute the effects of the dead layer includes elements from both 
of the descriptions given above. The depletion field is assumed to begin at the junction 
positioned at a depth DL from the front surface. The material between the entrance surface 
and the junction is assumed to be neutral, and to have a minority carrier diffusion length 
L. The front surface is taken to have a normalized recombination velocity s. Carriers de- 
posited in the depeleted region will be collected with 100% efficiency, but carriers depos- 
ited at a depth Z such that 0 < Z < DL are collected with efficiency 


n= exp[-(Z - DL)/L og] (8) 
Legge is an effective minority carrier diffusion length, used to take into account the fact - 


that the presence of the surface leads to recombination and hence loss of signal ;* Leff is 
given as 


Loee = L{l - [s/(s + 1) Jexp(-2/L) ¥ (9) 
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The collection efficiency thus depends on the value of s as well as on the diffusion length, 
and varies continuously with Z rather than falling suddenly to zero as in the Goulding mod- 
el. 

X-ray photons produce photo-electrons in a single scattering event. If the mean free 
path in SI of a photon of energy E is 4, then the depth distribution p(Z) of the points at 
which photo~electrons are generated can be simulated in a Monte Carlo model by the function 


p(Z) = -A.RND(1) (10) 


where RND(1) is an equidistributed random number between 0 and 1. As shown in Fig. 2(a), A 
varies from aobut 0.07 pm at carbon Ky to 13 um at Si Ka, falls to about 1.5 um above the Si 
absorption edge, and then rises again. The photo-electrons produced have kinetic energy E 
and thus move through the detector, losing energy and creating electron-hole pairs as they 
travel. This process can be modeled by a second Monte Carlo simulation using a simple mul- 
tiple scattering approximation. ° The electron range, computed assuming the Bethe stopping 
power to be valid, is always much smaller than the photon mean free path (Fig. 2b), and 
consequently errors in its exact value are not likely to be significant. However the motion 
of the photoelectron is important in determining the form of the incomplete charge distribu- 
tion and must not be neglected. The range is divided into ten equal steps and the stopping 
power is used to find the energy at the end of each step. If the energies at the start and 
finish of the k-th step are E, and E,4), respectively, then the number of charge carriers 
produced on this step is 


(CE, ~ Fy /een (11) 


If these carriers are produced within the depleted region then all of them are collected; if 
they are generated outside of the depleted region then Eqs. (8) and (9) are applied. This 
process is repeated for each of the steps in the trajectory, and the collected charge is 
summed and stored. A new photon is then put into the system and the procedure is carried 
out again. If the detector were perfect the summed charge would always be the same value Q 


Q = Eq/en, . (12) 


and this value would correspond to the expected energy E in the pulse height analyzer spec- 
trum. When incomplete charge collection occurs the total charge Q collected from a photon 
is less than Qe. After simulating a large number of photons a "spectrum" of the distribu- 
tion N(Q) against Q can be plotted. This can be made to resemble the usual appearance of 
an x-ray spectrum by convoluting it with a Gaussian function of appropriate width, here cho- 
sen as 160 eV. By comparing the total charge collected from M photons with the expected 
value MQp, the incomplete charge fraction can be determined. 

Programs to implement these steps were written in BASIC, for an APPLE ITE, and in FOR- 
TRAN, for a DEC 11/23. The results shown are typically for 5000 photon events. 


Results 


The form of the results is best illustrated by taking a particular set of parameters 
which are typical of those for current detectors, DL = 0.25 pm, L = 0.5 um, and s = 1. 
Figure 3(a) shows the computed spectrum for the CA K-line at 3.6 keV. In this case A = 
8 um, so that A >> DL. Consequently almost all the charge is deposited into the active area 
and the result is a good Gaussian peak. However, when displayed on a logarithmic scale the 
peak is seen to be preceded by a broad plateau of intensity; the computed incomplete charge 
is 3.9%. The presence of such a tail would probably not be guessed from an electron pro- 
duced spectrum because of the brensstrahlung, but it can clearly be seen in x-ray fluoresced 
spectra. ’~ Figure 3(b) shows the equivalent spectrum for sodium for which A is about 4 ym. 
Even on a linear scale the deviation from Gaussian on the low side of the peak is clearly 
visible, and there is again a step of intensity ahead of the edge, with an intensity equal 


to about 3% of the maximum peak height. The computed incomplete charge magnitude is 6.9%. 


Figure 3(c) shows the computed peak shape for oxygen K at 530 eV. Here A is about 
0.5 um, so the mean free path is not much larger than the junction depth. The result of 
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this is evident in the peak shape. The peak itself is markedly non-Gaussian on the low 
side, and in addition there is a second "hump" of intensity below the peak due to the sig- 
nificant number of carriers that have had to diffuse throught the dead-layer to reach the © 
junction. The presence of this artifact in an experimental spectrum would not only make the 
determination of the peak integral difficult, but would adversely affect the peak to back- 
ground ratio for other peaks on the low side of the oxygen. The calculated incomplete 
charge for oxygen is 38%, indicating the very major corrections that must be applied to raw 
data when operating in this range. 

Finally, Fig. 3(d} shows the carbon K line. The x-ray mean free path for this line is 
0.07 pm, so that only a small fraction of the photons produces carriers inside the depleted 
zone. The result is that the majority of the carriers are incompletely collected, and the 
expected characteristic peak disappears. The peak that is visible is due solely to the in- 
complete charge tail, which is why it occurs at the wrong energy. Both of these effects, 
the apparent transition of the lowest energy peak back to a Gaussian form (at least in the 
comparison with the oxygen line} and an accompanying "nonlinearity" in energy calibration, 
are observed experimentally, which gives some support to the general assumptions of the mo- 
del presented here. The form, and hence the apparent position, of the peak depend sensi- 
tively on the position of the onset of the depleted region. Changing the applied bias will 
vary this somewhat and hence seem to alter the calibration. Clearly microanalytical results 
based on the properties of a peak such as this will require careful attention. 


Diseusston 


The calculations show that incomplete charge is a significant factor for all peaks in 
the x-ray spectrum with energies below 3 or 4 keV (Fig. 4). It is also seen, however, that 
the visible evidence may be masked in electron-produced spectra because of the contributions 
from bremsstrahlung, and consequently its presence is often neglected. 

Accurate quantitative microanalysis in the low-energy x-ray range clearly requires a 
knowledge of the magnitude of the incomplete charge. Experimentally it is difficult to de- 
termine because the distortions of the peaks make formulating a measurement method diffi- 
cult, and because a substantial fraction of the effect may, as mentioned above, be masked in 
the bremsstrahlung. The best approach would therefore seem to be to calculate the necessary 
correction. First, the parameters DL, L, and s which describe the detector must be found, 
most easily by using a program such as that discussed here and empirically finding values 
which enable experimental spectra, especially spectra produced by x-ray excitation, to be 
matched. 

An approximate value for DL can be obtained by noting the energy at which the calibra- 
tion appears to deviate from linearity. The mean free path A corresponding to this (Fig. 
2a) is about the junction depth DL. DL can also be deduced from a measurement of the brems- 
strahlung jump ratio at the silicon absorption edge; and s and L can also be estimated from 
the general appearance of an XRF spectrum. Large values of L and small values of s will 
give peaks with broadening on the low energy side. Small values of L and high values of s 
lead to the incomplete charge appearing as a rising characteristic in the spectrum as the 
energy falls. 


Conelustons 


Several conclusions can be drawn from this preliminary study. First, incomplete charge, 
particularly in the range below 1 keV, is a major effect requiring significant corrections 
to data. Second, it is possible that the carbon, and lower energy, peaks visible on some 
detectors are in reality manifestations of the incomplete charge. As a general rule there- 
fore microanalytical data derived from regions of the spectrum where the calibration is non- 
linear should be treated with great caution. 

Finally, it might be that an analysis of this type could be used to try and improve the 
design of detectors. Improved materials processing should certainly lead to higher values 
of L and reduced surface recombination velocities and, in the light of Goulding's analysis, 
it is possible that the design of materials with deliberately reduced carrier mobility might 
lead to a reduction in the apparent value of DL. There might also be a case for the design 
of a dedicated low-energy x-ray detector using a Schottky barrier device. Such diodes ex- 
hibit very shallow junctions and even in their unbiased state would have sufficient deple- 
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tion'depth to collect x rays up to 1 keV or so with good efficiency. In this way the low- 
energy performance could be optimized without the necessity of compromising parameters to 
achieve acceptable higher energy performance. 
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16 
Analytical Electron Microscopy—-EELS 


COHERENT BREMSSTRAHLUNG--NEW PEAKS IN EDS: A NEW UNAVOIDABLE ARTIFACT IN THIN-CRYSTAL X-RAY 
MICROANALYSIS 


J. C. H. Spence, J. Titchmarsh, and N. Long 


The energy-dispersive x-ray emission spectrum shown in Fig. 1 was obtained with a Philips 
EM400 transmission electron microscope operating at 100 kV and fitted with an EDAX Energy 
dispersive spectroscopy (EDS) system from a thin crystal of diamond. The numbered peaks 
shown are not due to characteristic x-ray emission from impurity atoms in the sample. | They 
result from radiation from the beam electron itself, known as coherent bremsstrahlung, 
which is due to the juddering motion of the beam electron as it passes down a column of at- 
oms in the crystal. This acceleration of the charged beam electron produces monochromatic, 
tunable, polarized x-ray emission within the region of the focussed electron probe. It has 
now been studied in many materials by EDS,” and may have been mistaken for characteristic 
radiation in earlier microanalytical work. 


Simplified Theory of Coherent Bremsstrahturg (CB) 


Figure 2 shows the beam electron passing atoms with spacing L in its path as it travels 
through a thin crystal. The frequency with which it passes these atoms is @, = 21™v/L, where 
v is the electron velocity (Bf = v/c). The nonrelativistic energy of the CB emission is then 


or ee fw, = 2nhv/L (1) 


This equation also gives the correct relativistic result for a detector take-off angle of 

@ = 90°. Relativistic effects can be included more generalty. by replacing L by the relativ- 
istically "foreshortened" value L/Y, where y = (1 - 87)~'/*; Eq. (1) then gives the emission 
energy and frequency “, in the frame of the beam electron. To transform to the lab frame we 
must take account of the relativistic doppler effect, since the beam electron (which is the 
source of the radiation) is moving. The frequency observed in the laboratory is 


w = wzy/y (1 - B cos 6) (2) 


Thus the observed CB energy € = hw becomes . . 
e = hcB/L (1 - B cos 4) (3) 


i.e., | « = 12.48/L (1 - B cos 6) 7 (4) 


if the interatomic spacing L is given in Angstroms and € is in keV. The take-off angle @ is 
measured as in Fig. 2. Thus there is an emission line for every periodic component of the 
beam electrons' motion, and these components may be associated with the diffraction of the 
electron. * Quantum mechanically, this radiation which must accompany the acceleration of a 
charged particle is known as spontaneous emission, and although the simplified classical . 
treatment above cannot be extended to predict the fine structure or intensities of CB lines, 
Eq. (3) gives the emission energies of CB lines to within an accuracy which is much better 
than the energy resolution of modern EDS spectrometers. A quantum-mechanical treatment has 
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been given elsewhere” for the range of energies important in electron microscopy and using 
the concepts of dynamical electron diffraction. 

In the past two related forms of radiation have been distinguished. In the language of 
electron diffraction, these two forms correspond first to the case where L = d is an inter- 
atomic spacing (for coherent bremsstrahlung), and second to the case where L = &, is an ex- 
tinction distance for dynamical electron diffraction, in which case the radiation is known 
as channeling radiation (CR). Since &, >> d, CR lines appear in the ultraviolet and soft x- 
ray region for electron microscopes opérating in the 50-400keV range. Before we discuss 
further the relationship between CR and CB, it is useful to express Eq. (4) in terms of the 
reciprocal lattice vectors g of the crystal, so that the CB peaks can be indexed crystallo- 
graphically. 

If A is a unit vector in the beam direction and we define B = (v/c}fi, then the distance 
L in the beam direction between atoms belonging to the inclined planes g shown in Fig. 2 is 
L = (gefi) *. Thus the CB energy becomes 


e = hepeg/(1 - 8cos 6) (5) 


The reciprocal lattice vectors that are important are those which are approximately antipar- 
allel to the beam direction. The energy resolution of EDS is generally not sufficient to 
resolve lines due to different g vectors in the same reciprocal lattice plane normal to the 
beam (but not passing through the origin). Hence we find one peak for every plane of recip- 
rocal lattice vectors normal to the beam. The peaks in Fig. 1 are numbered n = geH, where g 
is any vector in reciprocal lattice plane n and H = [111] (the beam direction). “Owing to 
the symmetry of the diamond lattice, all structure factors for reciprocal lattice vectors on 
the n = 2 and n = 6 planes are zero, since here h + k + 1 = 2p (p odd), and the correspon- 
ding CB peaks are absent. Figure 3 shows a relevant section of the reciprocal lattice for 
diamond. 

Whereas CB can be thought of loosely as juddering or dipole radiation with the dipole 
axis parallel to the beam, CR or "Pendellosung radiation" is more akin to the transverse 
“wiggler" radiation used in synchrotrons. Thus CB would be most intense at right angles to 
the beam, were it not for the relativistic searchlight effect, which sweeps the intensity 
maxima forward to an angle of approximately 9 = 1/y (for large y) as for conventional brems- 
strahlung. The connection between CB and CR has been described in detail elsewhere,*?? but 
a simple picture emerges in the two-beam approximation, since Eq. (5) can be more accurately 
written as 


e = hepsi (1 - B cos 0) (6) 


where S, is the excitation error for reciprocal lattice vector g in plane n # 0. In the 
two-beam dynamical electron diffraction theory S ie Ee for large oar so that CB could be 
described as "weak-beam" Pendellosung radiation. 

The line-shapes of CB peaks differs markedly from those of atomic emission. In addition 
to the "g vector" broadening there is an additional effect due to CR sidebands,’ and a smal- 
ler life-time effect due to either phonon "absorption" or the finite crystal thickness. But 
the variation of the doppler effect across the detector semiangle is likely to produce the 
largest line broadening effect; it is 


AE/E = BAG (7) 


for a detector at 6 = 90° subtending an angle A@. The net effect of all these factors has 
been included'in our recent large many-beam calculations.® Generally, at EDS resolution one 
sees an asymmetrical peak extended toward the low energy side. 


Experimental Conditions for the Observation of CB 


The most important experimental requirements for the observation of CB ts the observa- 
tion of a "good" transmisston electron diffractton pattern, showing strong Bragg disks, weak 
Kikuchi lines, and little diffuse scattering due to defects. Thus CB cannot be obtained 
from bulk samples. A parttcular Bragg conditton ts not required; however, the detailed in- 
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tensity distribution of the peaks varies strongly with crystallographic orientation, and 
this effect, plus the dependence of the emission line energy on accelerating voltage 
(through §), may be used to distinguish CB from atomic emission. The spectrum in Fig. 1 was 
acquired over about 10 min with a take-off angle of § = 110° and a diamond specimen thick- 
ness of about 1000A . Similar peaks have now been observed in MgO, BN, stainless steel, 
silicon, and graphite. The zone axis orientation was chosen only for convenience in compar- 
ison with calculations, and is not a requirement for the observation of CB. Defects and 
bending may be expected to broaden CB lines, so that with the decreasing probe sizes of mod- 
ern TEM instruments and the emphasis on minimum detectable mass, the observation of CB is 
likely to become more frequent in future. 


Stgntficance for Microanalysis 


Figure 1 shows that, in crystalline samples, CB makes a large contribution to the back- 
ground in EDS. Indeed, it has been suggested that there is no other contribution,® since CB 
is an unavoidable consequence of spontaneous emission coupled with elastic Bragg scattering. 
It must therefore be considered in detail when estimating the sensitivity of EDS (currently 
about 0.01 atomic percent in favorable cases). Spontaneous emission is forbidden ‘in vacuum, 
but made possible for the beam electron in a crystal by '"Umklapp" or Bragg diffraction (for 
CB), and by dynamical dispersion (for CR). The conventional theory of Bremsstrahlung back- 
ground’ in EDS (derived from that due to Bethe and Heitler) treats the scattering of an en- 
ergetie electron by a single atom and therefore does not apply to erystals. For perfect 
crystals (or small probes illuminating a perfectly crystalline region whose thickness is 
much less than the mean free path for phonon excitation®), the beam electron is strongly 
Bragg scattered, and so must be modeled by a sum of Bloch waves of appropriate translational 
symmetry. The experimental evidence for the importance of this Bragg scattering is the 
transmission electron diffraction pattern. For such a Bloch wave beam electron the momentum 
conservation law for photon emission becomes 


staal eases a (8) 
i.e., conservation of "erystal momentum." Here k (k') is the beam electron wave vector be- 
fore (after) the spontaneous emission of a photon of wave vector q. When combined with the 
energy conservation law, these equations can predict only the emission of discrete monochro- 
matic photon lines (one for each g, together with other CR lines due to dynamical disper- 
sion). Thus, if there were no atomic vibrational motion, this line spectrum would be the 
only background in EDS due to the sample itself, and these lines would be broadened only by 
the small lifetime or thickness effect, together with the doppler broadening given in Eq. 
(7). (The sample thickness broadening is given by Eq. (3), with L now taken as the sample 
thickness.) In practice, however, even at the absolute zero of temperature an appreciable 
atomic vibrational amplitude exists,® and the infrequent large-angle inelastic scattering of 
a beam electron by a phonon limits its contribution to a particular CB peak, and so may con- 
tribute to the "continuous" bremsstrahlung background. The other inelastic processes (plas- 
mon excitation and single electron excitation) can be shown to be relatively unimportant. 
Again, the importance of inelastic phonon scattering can be judged from a glance at the 
transmitted electron diffraction pattern. The depletion of the elastic wavefield by inelas- 
tic phonon excitation has been incorporated into CB intensity calculations using a suitable 
optical potential.?»* In addition there is in practice also an appreciable "systems" con- 
tribution to the EDS background (such as copper grid lines} even in instruments with very 
low "hole counts." In high-voltage microscopes the general bremsstrahlung background from 
the electron accelerator, and the secondary radiations it generates, is also difficult to 
eliminate. 

In conclusion it is clear that the effect of crystallinity in a sample is to concentrate 
the otherwise continuous EDS bremsstrahlung background into well-defined peaks. For amor- 
phous materials we anticipate that the shape of the background (leaving aside systems and 
temperature effects) will also reflect to some extent the degree of atomic ordering in the 
sample. In the past the theoretical basis for microanalysis has generally commenced with 
rather simple wave functions for the probe and/or crystal electron, such as plane waves and 
hydrogenic models. We have now seen three recent examples--Electron Loss Near Edge Struc- 
ture (ELNES),° Atomic Location by Channeling Enhanced Microanalysis (ALCHEMI),!° and CB--in 
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A SHORT STUDY OF k-FACTORS FOR MICROANALYSIS OF THIN FILMS 


P. J. Statham and J. E. Wood 


Previous studies of k-factors have concentrated mainly on analysis using K lines whereas 
L and M characteristic lines often have to be used. The commercially available package 
"RTS2/FLS" used the simple Green and Cosslett log U/U parameterization for ionization 
cross section (where U is the overvoltage E,/Ep) as suggested by Goldstein et al.? with 
additional scaling factors of 4 for L lines and 9 for M lines. Recently, Wirmark and 
Nordén? proposed modifications and we received further suggestions from other investiga- 
tors that these formulas were inadequate for L and Muse. As we also had previous exper- 
ience of problems with molybdenum specimens (P. Doig, personal communication}, a study 
involving Mo peaks was initiated. 


Experimental 


Particulate samples of sulfides and oxides of both Mo and Pb were suspended on a 
Formvar-coated Cu grid, and a self-supporting ion beam thinned disk of pure Mo was pre- 
pared. Measurements were made on three different transmission microscopes (not all made 
by the same manufacturer) in what might be called "routine analysis conditions" as there 
was not time available to perform exhaustive checks on instrumentation prior to the study. 
In each installation, a "low background" holder was used and several analyses were carried 
out at 100, 120, and 200 kV where possible. Data were collected in STEM mode, both from a 
focused spot and by rastering the beam over an area, and in TEM mode from a focused spot. 
Areas chosen for analysis were electron transparent although thicker areas were also 
analyzed to confirm there was no discernible effect from sample self-absorption on the 
results. 


Discusston 


Since the Mo L series lines are at energies just above 2 keV and the Mo Ka line is at 
17.4 keV, the L:K intensity ratio for Mo at a given voltage should be insensitive to 
differences in EDS detector thickness parameters and should therefore be constant for 
different microscopes and sample composition provided sample absorption is negligible. 
However, values quoted in the literature?’ do not agree and even show a different varia- 
tion with voltage. Our measurements also exhibited a wide range of Mo L/K ratios between 
instruments and even over points on the same sample, with differences greater than 30%! 
Furthermore, preliminary results on the MoS, specimens showed a fluctuation in Mo L/S K 
area ratios and corresponding changes in Mo L/K. Careful analysis of the data revealed a 
number of problems which are summarized below. 


Definition of k Factors. It is important to clarify exactly what peaks are used when 
comparing ratios. In thin film analysis, differential absorption of emission lines within 
a given series will normally be negligible, so if spectrum processing happens to yield the 
total area for all lines it is convenient to define k-factors based on total emission from 
a given atomic shell. This procedure avoids having to estimate a “relative intensity 
factor" for the major line from a shell although values have been parameterized? so that 
comparisons can be made between k-factors defined for total shell, partial sheil, or 
single lines. With Mo Ka and K8 well separated and near the typical upper limit of 20 kV 
of displayed spectrum, it is easy to ignore Mo Kg in the interests of simpler spectrum 
processing, but it must be taken into account in the calculated k factor. 


Sample Composttton. We observed a small Si peak in a spectrum from MoS, that was not 
apparent in spectra from the Mo film and a smail peak in all Mo film spectra close to 
Ca Ka in energy. Although the composition is irrelevant for studies of Mo L/K ratios, we 
have assumed a composition of MoS, and PbS for the sulfides in the calculation of 
k-factors. 


The authors are at Link Systems Ltd., Halifax Road, High Wycombe, Bucks, England 
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Spurtous Spectrum Components. Spectra from both oxide and sulfide samples exhibited 
large Cu peaks of similar size to the Mo L peaks. If the incident beam strikes an electron- 
transparent sample, it is unlikely that scatter from the sample itself could be respon- 
sible for such a large contribution, and we presume it was due to beam tails, electrons 
scattered from below the specimen, or fluorescence by x rays generated in microscope 
components. This phenomenon occurred at ali three installations and is quite common, 
perhaps too readily accepted. 

The process of modifying an analytical electron microscope to produce clean x-ray 
spectra has been described in a number of papers* and our experience here only serves to 
reinforce the notion that this practice is essential if reproducible results are to be 
obtained. Moreover, the occasional inconsistency in Mo L/K ratios obtained on the same 
sample suggests that even empirically determined k-factors will not insure accurate 
results in "unclean" conditions. 

In one microscope, a series of spectra were acquired with the beam passing through a 
hole in the ion-thinned Mo foil specimen. At 200 kV, Mo L/K ratio from the in-hole 
spectrum was 0.4 whereas the ratios obtained on the specimen were often >2; this result 
would be expected if there were a source of x radiation (e.g., aperture) within the 
columns. In this case the relative significance of the hole count would be expected to 
decrease for thicker areas of a specimen but in one example, an approximate correction for 
the "hole-count" changed an observed Mo L/K ratio of 1.5 to 2.15. 


Spectrum Processing. The overlap between Mo L and S K peaks is severe and slight 
drift in calibration can produce significant variation in the results of least squares 
fitting.° By adjusting the effective zero position of the spectrum we observed that a 
drift of 2 eV could produce a 4% change in Mo L/S K in one sample spectrum. Even with 
careful calibration, there is statistical uncertainty in the observed ratio which is 
exacerbated by the severe overlap; thus, the relative error in Mo L/S K ratio was calcu- 
lated to be around 5% for spectra containing of the order of 200 000 counts. 


Results 


Table 1 summarizes the average results obtained in this study. Because of the 
problems described, the values for Mo L/Mo K are probably not of great significance but 
are quoted for completeness. If we assume that Mo L/S K and Pb M/S K are less sensitive 
to perturbation because of the proximity of line energies, then these values can suggest 
suitable values for coefficients to use in cross-section formulas.? Indeed, the Mo L/S K 
values do at least agree within the calculated statistical error and give an overall 
average of 0.84; that in turn suggests a factor 3.5 to be used for L lines in a simple 
log U/U parameterization of cross sections in contrast to the 4.37 proposed by Wirmark and 


Table 1.--Experimental ratios from microscopes A, B, and C compared with published data 
from Wirmark and Nordén? (WN) and parameterizations of Schreiber and Wims? (SW). Total 
shell areas have been used and the SW data have been adjusted assuming Mo Ka/Mo Kyoy = 
0.85. Standard deviations are not quoted for the Mo L/Mo K data because of inherent 
unreliability of these measurements in "unclean"! conditions. Compositions of 60% Mo, 
40% S, and 87% Pb, 13% S were assumed for the sulfides. 


A B C WN SW 
MoL/MoK 100 kV 1.64 2.79 2.33 2.6 2.31 
120 kV 2.01 2.46 2.12 
200 kV 1.76 2el2 1.73 
MoL/SK 40-94 OT 0-81 0.8 
- .05 - .07 - .04 
PbM/SK {3-62 2.84 
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Nordén. The Pb M/S K value suggests a factor of 6.3 for M lines in comparison to 6.6 
proposed by Wirmark and Nordén. 


Conelustons 


Perhaps the most troublesome aspect of this study is that the trivial measurement of 
Mo L/Mo K ratios gave results with poor reproducibility; published data show further 
discrepancies, as seen in Table 1. It would be particularly useful for investigators who 
have already modified and tested their instruments for "cleanliness" of spectra to repeat 
such measurements and to come to some consensus as to the correct value of Mo L/Mo K at 
100 and 200 kV. 

Amid controversy concerning the correct form of theoretical formulas for k-factors,° 
it may seem out of place to discuss "scaling factors" for the simplistic log U/U 
parameterization. However, until it can be demonstrated in practice that there are indeed 
sets of k-factors for different voltages that are universally applicable (with corrections 
for detector efficiency, of course), there seems little justification for more elaborate 
formulas. If we believe we understand the mechanisms for generation of x rays froma 
specimen then it is surely preferable to try to match "theoretical" performance by 
striving for a ''clean" column rather than relying on empirical calibration which may pro- 
vide inadequate compensation for instrumental sources of error. 
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COMPARISON OF METHODS FOR QUANTITATIVE THIN-FILM X-RAY MICROANALYSIS 
FROM STRONGLY OVERLAPPING PEAKS 


C. F. Klein, Raghavan Ayer, and D. B. Williams 


Quantitative analysis of isolated characteristic peaks in thin film x-ray microanalysis 

is well established and is an integral part of many of the analyzing systems developed 
during the past few years.’ However, there is no equally well-accepted method for quanti- 
fication in cases where x-ray peaks overlap. In principle, it is possible to calculate 
the peak intensity of one of the overlapping peaks from a high- or low-energy peak of the 
same element if present in the spectrum. One can carry out this calculation manually by 
first carefully establishing the (absorption-corrected} intensity ratio of the two peaks 
using independent standards of the element, and using this ratio to calculate the inten- 
sity of the overlapping peak from the measured intensity of the low- or high-energy peak. 
Once the individual intensities of the overlapping peaks are determined, they can be con- 
verted to absolute elemental concentrations by the standard thin film approach.? How- 
ever, this manual method suffers from several drawbacks. First, one needs to rely on the 
presence of a second peak for one of the elements to determine its intensity in the over- 
lapping peak. Second, it is critical to have an accurate knowledge of the specimen thick- 
ness since the ratio of the peak intensities is affected by absorption. Finally, the 
procedure is tedious and time consuming. Therefore, it would be attractive to have a 
method that overcomes the limitations of the manual procedure and provides reliable 
quantitative analysis. 

Recently, computer software has been introduced in several modern x-ray analyzing 
systems to deconvolute the overlapping peaks and carry out quantitative analysis.3’* The 
deconvolution procedure has several advantages over the manual method. First, the method 
treats only the overlapping peaks whose energies are close and therefore the analysis is 
virtually independent of the sample thickness. Second, the method is extremely fast and 
does not require extensive experimental preparation and analysis such as is required for 
the manual method. Therefore, the current investigation was conducted to compare the 
quantitative analysis from overlapping x-ray peaks using a manual method and a computer 
deconvolution procedure available in a modern analyzing system. 

Molybdenum sulfide samples were chosen for the present investigation since the S K 
(2.307 eV) and the Mo L (2.29 eV) peaks overlap and cannot be resolved by EDS analysis. 
The following four sulfide samples were examined: (1) (natural) molybdenite, MoS,; 

(2) synthetic MoS,; (3) synthetic MoS;, and (4) synthetic MoCrS,. The molybdenite was in 
the form of thin sheets and was used as a standard to determine the kygs value; the syn- 
thetic samples, whose compositions had to be determined, were in the form of powders. In 
addition, thin samples of pure Mo were also examined. The manual and deconvolution 
analyses were conducted primarily on an EM 430 electron microscope equipped with an EDAX 
detector and Tracor Northern 5500 analyzer. For comparison, the molybdenite sample was 
also analyzed by the manual method in an EM 400-FEG microscope fitted with an EDAX analyzer 
and EDAX 9100 detector. All the analyses were conducted at an accelerating voltage of 100 
kV. With the kyos value determined from the molybdenite standard, quantitative analysis of 
the synthetic sulfides was carried out by the manual and the deconvolution methods. 
Counting time was adjusted to obtain about 100 000 counts in the Mo ka peak. 


Manual Method 


As mentioned earlier, the first step in the analysis was to determine the kmos value. 
This determination was made by a measurement of the intensities in the Mo L and Mo K peaks 
in the Mo sample and (Mo L + S K) and Mo K peaks in the natural molybdenite samples. 
Figure 1 shows the shapes of the low- and high-energy peaks of the pure Mo and molybdenite 
sample, respectively. Peak intensities were measured from windows set to include the 
entire peak (840 eV for the Mo L and/or S K peaks and 640 eV for the Mo K peak). In each 
case the thickness of the specimen was determined by convergent-beam electron diffraction. 


Authors Klein and Ayer are at Corporate Research Laboratory, Exxon Research and 
Engineering Co., Route 22 East, Annandale, NJ 08801; author Williams is at the Department 
of Metallurgy and Materials Engineering, Lehigh University, Bethlehem, PA 18015. 
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FIG. 1.--(a) Shapes of the Mo L and Mo K peaks in pure Mo sample; (b) shapes of Mo L +S K 
and Mo K peaks in molybdenite sample. 


All the peak intensities were calculated for a fixed 20° take-off angle; the ratios are 
plotted as a function of thickness in Fig. 2. The plot also shows the ratio of (Mo L + 

S K)/Mo K for the molybdenite sample. The ratios for both the Mo and molybdenite samples 
were measured in the EM 400 and EM 430 microscopes and are plotted in Fig. 2. The slopes 
of the curves were small indicating that absorption is not a severe problem in this system. 
The curves for the EM 400 and the EM 430 microscopes (both with EDAX detectors) do not 
superimpose, which means that these ratios must be determined for each microanalytical 
system. 

The kmos value was calculated by determination of the intensities in the S K and Mo K 
peaks in the molybdenite sample. The intensity in the S K peak was obtained by calcu- 
lation of the Mo L peak from the measured Mo K peak and subtraction of the Mo L peak 
intensity from the overlapping Mo L + S K peaks. From the intensities in the S K and Mo K 
peaks the kyjgg value was found to be 4.43. The results of the quantitative analysis 
obtained on the synthetic samples by use of the above procedure are listed in Table 1. The 
results indicate that the mean values of the Mo and S concentrations of the synthetic 
sulfides determined by the manual method are close to their expected stoichiometries. 


Deconvolution Procedure 


As mentioned earlier, the deconvolution procedure provides quantitative analysis only 
by fitting the shape of the overlapping (S K and Mo L) peaks and therefore the intensity 
in the Mo K peak is not considered. However, library standards of both Mo L and S K peaks 
are required to carry out the deconvolution. The kyos value for the Mo L and S K peaks 
was determined by use of the deconvolution software, which also provides their intensities. 
The Kyos value for the Mo L and S K peaks based on the molybdenite standard was found to 
be 1.39. This value was used for the subsequent quantification of the synthetic sulfides. 
The deconvolution procedure was carried out on the same spectra used for the manual method 
of the sulfide samples and the results are listed in Table 1. They show that the mean 
values of the Mo and S concentrations were close to the expected stoichiometries of the 
sulfides. It was observed that the standard deviation was always slightly higher than that 
observed in the manual method. To determine the quality of the fitting procedure, both the 
S K and Mo L peaks were subtracted from the (Mo L + S K) peak of the molybdenite sample and 
the residual intensity is shown in the bipolar spectrum (Fig. 3). The residual intensity 
at the peak position shows only minor deviations from the background. The x? value of the 
fit was 7.4 which indicated that the fitting procedure is acceptable. 


Disecusston 


The results of the present study show that both the manual and the deconvolution 
methods provide reasonably accurate quantitative analysis of overlapping peaks. For the 
same spectra, the results of the manual method seem to have a smaller standard deviation 
compared to the deconvolution method. Since the accuracy of the deconvolution method 
depends critically on the statistics of the standards and unknown peaks, it should be 
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FIG. 2.--Plot of ratios of (Mo L/Mo K) in pure 
molybdenum smaple and (Mo L + S K)/Mo K in 
molybdenite (MoS) samples as function of spec- 
imen thickness in EM 400 and EM 430 electron 

microscopes. 


FIG. 3.--Portion of x-ray spectrum showing 
residual intensity after subtraction of S K 
and Mo L lines from molybdenite sample. 


All ratios reported for 20° take- 


possible to improve on the scatter in the 
method by accumulating more counts. 
Nevertheless, the technique is extremely 
rapid and does provide reasonably accurate 
quantification. It has the further advan- 
tage that it is less sensitive to specimen 
thickness and would be ideally suited for 
amorphous samples where diffraction 
methods cannot be used for accurate thick- 
ness determination. In the present 
example, the absorption effects were small 
and the manual method provided satisfac- 
tory results. However, in systems where 
absorption is severe, the manual method 
may not provide the best results due to 
additional errors in thickness measure- 
ments and subsequent absorption correc- 
tion. 

If an analytical system contains 
no deconvolution software, the manual 
method, though tedious, provides a very 
good alternative. It is apparent from a 
comparison of the results on the EM 400 
and EM 430 systems (Fig. 2) that one must 
calibrate each system using independent 
standards and to values reported in the 
literature only as a first approximation. 
This requirement should also be extended 
to the deconvolution method, which 
requires kyos values for converting the 
intensities to absolute concentrations. 
Once the standards are properly estab- 
lished, both the manual and the deconvolu- 
tion techniques provide acceptable quan- 
tification of overlapping peaks and the 
choice would depend on the availability of 
the computer software in the analytical 
systems. 


Cone lustons 


1. Both the manual method and 
computer deconvolution procedure of quan- 
titative analysis from overlapping peaks 
provide comparable results in obtaining 
concentrations of Mo and S in molybdenum 
sulfide samples. 

2. The accuracy of the techniques 
depends on establishing acceptable kyjs 
values from standards and also obtaining 
good counting statistics. 
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TABLE 1.--Concentration, at.% (+0), 


Compound Manual Computer Deconvolution 
Mo s Mo Ss 
Mol ybdenite (MoS.) 33.3{2.3) 66.7(2.3) 33.65(6.7)  66.35(6.7) 
MoS» 32.0(0.5)  68.0(0.5) 28.9(1.0) 71.1(1.0) 
MOS, 25.9(0.8)  74.1(0.8) 23.8(1.2) 76.2(1.2) 
MoCr$3* 24.3(1.4)  75.7(1.4) 24.0(2.0) 76.0(2.0) 


*Narmalized concentrations of Mo and S. 
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Appendix: Solid-state Diffusion as Measured by Microbeam Analytical Techniques 
A Comprehensive Bibliography 


A. D. Romig Jr., D. L. Humphreys, J. I. Goldstein, and M. R. Notis 


Over the past two decades microbeam analytical techniques have proven to be powerful tools 
for the quantitative measurement of composition profiles generated during solid-state dif- 
fusion reactions. Unlike earlier analytical techniques, the microbeam methods permit the 
measurement of concentration profiles at very high spatial resolution, from fractions of a 
nm to several mm. The techniques included in this bibliography are: (1) Electron Probe 
Microanalysis, (2) Analytical Electron Microscopy, (3) Auger Electron Spectroscopy and 
Scanning Auger Microanalysis, (4) Secondary Ion Mass Spectroscopy and Ion Microprobe, 

(5) Rutherford (and other ion) Backscattering, and (6) Specialized X-ray Techniques includ- 
ing Extended X-ray Absorption Fine Structure and Variable Incidence Angle X-ray Fluores- 
cence. Although the techniques are complementary, few researchers, excluding those inti- 
mately involved with diffusion studies, appreciate the way in which these techniques as a 
group can be used to investigate solid-state diffusion. It is the objective of this bib- 
liography to bring together the literature references which discuss the quantitative anal- 
ysis of diffusion phenomena as investigated with the group of microbeam technqiues. To 
qualify for inclusion into the bibliography, the paper must address diffusion in a quanti- 
tative way, either by dealing with the direct measurement of diffusion coefficients or by 
the quantitative modeling of solid-state diffusion controlled reacitons. Every attempt 
has been made to make the bibliography as complete as possible through 1984. The biblio- 
graphy was compiled with a computerized search of the appropriate abstracting services 
(Metadex, Chemical Abstracts, etc.) and augmented with a manual search through appropriate 
proceedings and journals. Metals, ceramics, minerals, and semiconductors have been in- 
cluded. Due to the specific nature of this bibliography a new format has been used. The 
references are divided into categories by technique. Each category has been further sub- 
divided by year and then alphabetically by author. Titles have been included in each 
citation to help the potential user decide which references may be useful. Since many 
different materials are included in the references, it is not practical to subdivide or 
index the bibliography by material. In the small number of cases where more than one 
technique has been used, the reference appears under all appropriate categories. 


Reference 


A. D. Romig Jr., D. L. Humphreys, J. 1. Goldstein, and M. R. Notis, ''Solid state dif- 
fusion as measured by microbeam analytical techniques: A comprehensive bibiliography," in 


Mterobeam Analysis--1985, J. Armstrong, Ed., San Francisco: San Francisco Press, 1985, 
361-380. 
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